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Preface
Joining the Hu Lab to work on collective dynamics was almost meant to be. Prior to
my PhD, I was interested in experimentally studying fluid mechanics. I found probing a
flow of air or water with techniques such as particle image velocimetry and figuring out
its properties from the data to be deeply satisfying. I have also always been fascinated by
insects, such as the ants crawling on the ground and collectively reaching decisions about
how to gather food and fend off predators. When I realized I could combine these concepts,
and measure the flows of animals using fluid mechanics techniques, I was hooked.
My research is arguably one of the more disgusting topics in the Hu Lab. The following
thesis is all about maggots: how they eat, how they move, and how to raise them. Despite
the perception of disgust around these insects, I have come to appreciate them for their
amazing abilities to quickly decompose our waste and to make their way into any cracks
and crevasses that they can find. While black solider fly larvae will always be my favorite
type of fly larva, I have learned many things about different fly larvae species that I would








A PhD thesis is never a solitary endeavor and so I have many people to thank who have
helped me over the years.
First, I would like to thank my advisor David Hu for inspiring me to study collective
dynamics, for showing me the value of bold and creative research, and for confidence in my
ability to do excellent work.
Next I would like to thank my committee: Peter Yunker, Cyrus Aidun, Magnus Egerst-
edt, and John Brady for providing experimental and theoretical advice.
I would like to give thanks to all of our collaborators: Scott Franklin for theoretical
contributions to our experiments compressing fly larvae, Daniel Goldman for expertise on
granular mechanics and invaluable experimental advice, Miguel Fuentes-Cabrera for insight
on collective dynamics of feeding behavior, Saad Bhamla for use of his Dun Inc imaging
system, Jonathan Goldman for all of his contributions to commercializing the aerating bed
for larvae and assistance with funding, Ahmad Omar for help with modeling, Jonathan
Michel and Shane Jacobeen for help with the universal testing machine, and Alison Onstine
and Angie Lessard for advice on biology and for finding any equipment for my experiments.
I would also like to acknowledge the Georgia Research Alliance for funding our work on the
aerating bed for larvae.
This project could not have happened without fresh, active black soldier fly larvae to use
in my experiments. Thus, I would like to thank Sean Warner and Patrick Pittaluga from
Grubbly Farms for providing larvae and invaluable advice at the start of my PhD studies;
and Jonathan Cammack and Jeffrey Tomberlin at EVO Conversion Systems for providing
x
larvae and encouragement during the later years of my PhD studies.
I would like to thank Patricia Yang, Alexis Noel, Thomas Spencer, Alexander Bo Lee,
Marguerite Matherne, Hungtang Ko, and Andrew Schulz for being the best labmates I could
hope for and for taking care of my axolotl when I have been out of town.
Also, many thanks to Glenda Johnson and Katherine Drake for helping me get through
the PhD program as smoothly as possible.
I would also like to thank my most dedicated, thoughtful undergraduate students:
Christopher Brown and Michael Hu for working on the study of fly larvae feeding behavior
and for putting up with my inexperience in mentoring at the start of my PhD, Joshua Tre-
buchon for working on the study of larvae under compression, Anthony Chirumbole, Parth
Patel, and Michael Yared for working on the aerating bed for fly larvae, Nicolette Prevost
for working with the puppy videos and Robotarium, and Stephen Kalinksy for contributing
to the work with Bristlebots.
I would never have made it this far without my family, and so I would like to thank
my parents, Irina and Vladimir Shishkov, my brother, Denis Shishkov, and my grandpar-
ents, Mikhail Polunovskiy and Taisia Polunovskaya, for encouraging me to pursue graduate
school and being my biggest fans.




ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxii
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii
I INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 Bioconversion with black soldier fly larvae . . . . . . . . . . . . . . . 2
1.2.2 Collective dynamics of fly larvae . . . . . . . . . . . . . . . . . . . . . 4
1.2.3 Eating behavior of fly larvae . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.4 Compression experiments as a measure of activity . . . . . . . . . . . 6
1.2.5 Synchronizing pile formation of black soldier fly larvae . . . . . . . . 7
1.2.6 Cooling fly larvae with aeration . . . . . . . . . . . . . . . . . . . . . 9
1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
II EXPERIMENTAL METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.0.1 Larva care . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1 Eating behavior of fly larvae . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.1 Larva measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
xii
2.1.2 Feeding by a single larva . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.3 Particle image velocimetry (PIV) of a group of larvae . . . . . . . . . 15
2.1.4 Measuring flow rate from PIV . . . . . . . . . . . . . . . . . . . . . . 17
2.1.5 Measuring group eating rates . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Compressing fly larvae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Compression tests with varying volume fraction . . . . . . . . . . . . 19
2.2.2 Experiments compressing individual larvae . . . . . . . . . . . . . . . 21
2.3 Synchronizing piling of larvae . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.1 Measuring centroid of larva swarm . . . . . . . . . . . . . . . . . . . 21
2.3.2 Particle image velocimetry . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.3 Synchronizing motion with intruders . . . . . . . . . . . . . . . . . . 22
2.4 Cooling larvae with aeration . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.1 Investigating heat generation by larvae . . . . . . . . . . . . . . . . . 23
2.4.2 Aeration prototypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5 Spinning during feeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
III THEORETICAL METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.0.1 Mathematical model of eating rate . . . . . . . . . . . . . . . . . . . 28
3.0.2 Simulations of larvae aggregation in corners . . . . . . . . . . . . . . 30
3.0.3 Model for larva cooling . . . . . . . . . . . . . . . . . . . . . . . . . . 31
IV BLACK SOLDIER FLY LARVAE FEED BY FORMING A FOUNTAIN
xiii
AROUND FOOD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.1 Individual larva behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Particle image velocimetry (PIV) . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Eating rate as a function of group size . . . . . . . . . . . . . . . . . . . . . 41
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.5 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
V BLACK SOLDIER FLY LARVAE REARRANGE UNDER COMPRES-
SION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
VI SYNCHRONIZING PILE FORMATION OF BLACK SOLDIER FLY
LARVAE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.3 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
VII COOLING LARVAE WITH AERATION . . . . . . . . . . . . . . . . . . 62
7.1 Metabolism of black soldier fly larvae . . . . . . . . . . . . . . . . . . . . . . 62
7.2 Aeration prototypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
xiv
7.4 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
VIII SPINNING DURING FEEDING . . . . . . . . . . . . . . . . . . . . . . 68
8.1 Puppy pinwheels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.2 Robotarium model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.3 Bristlebot model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
8.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
8.5 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
IX SCALING OF LARVA MOTION . . . . . . . . . . . . . . . . . . . . . . . . 72
X CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
XI APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
11.1 Aeration parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
11.2 List of puppy videos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
xv
LIST OF FIGURES
1.1.1 a. The black soldier fly larva shown is 14 mm long and weighs 0.1 g. b. A
group of larvae consume a 40-cm diameter pizza in two hours. The motion
of the pizza crust and cheese away from the center indicates that the motion
of larvae is correlated with their neighbors. These images are courtesy of
Grubbly Farms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 a. Larvae in a bin pile up in corners. The bin is about 36 cm wide. b. The
experimental setup in our study, larvae confined to a two dimensional bin
formed using two vertical petri dishes. The container is 95 mm long. . . . 8
2.1.1 a. Setup of particle image velocimetry experiment. Larvae are placed in a
10 gallon aquarium with cameras filming the top and bottom. b. Sample
instantaneous vectors from a top view of larvae around food. The vectors do
not point to any mean flows, showing the need for averaging. . . . . . . . . 15
2.1.2 When vector fields used for averaging in the top view in the top and bottom
view PIV experiment are reshuffled in time, their average no longer shows
a mixing region. This indicates that the mixing region found through PIV
analysis is valid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.1 Bowls used for Bristlebot experiments. . . . . . . . . . . . . . . . . . . . . . 26
4.1.1 a. The mouth of a black soldier fly larva. The mouthparts are: A – spiracle; B
– maxilla; C – maxillary palp; and D – Mandibular brush. b. A time course of
larvae feeding behavior for 60 minutes. 1 – eating; 0 – not eating. c. Motion of
the larva’s mouth in high speed showing asynchronous raising and lowering of
its maxillae. Maxillae are traced with dashed lines to highlight their position.
d. Tracks of four periods of maxillae motion showing a periodic raising and
lowering, with solid lines as sinusoidal best fits. . . . . . . . . . . . . . . . . 36
xvi
4.2.1 a. Side view of larvae eating an orange slice by building a flowing fountain of
larvae around the food.b. Schematic of larva motion around an orange slice.
c. The region of flowing larvae, seen from above and below, respectively.
d. Velocity fields associated with the views in part c. They are calculated
using PIV and averaged over 2,000 seconds. The center is not analyzed as it
contains the orange slice. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2.2 Images of the larvae and food after 33 minutes next to the corresponding
time-averaged velocity fields, with the mixing region selected. a. 500 larvae
b. 1000 larvae c. 3000 larvae d. 5000 larvae e. 10,000 larvae. f. The
relationship between number of larvae and their flow rate. . . . . . . . . . 40
4.3.1 a. Experimental setup to measure eating rate of larvae. b. Relationship
between eating rate and number of larvae. Dots are experimental data points
and dashed line is the model. . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.1.1 a. Image of live larvae being compressed to φ = 0.80. b. Schematic of
larvae in the UTM before compression. c. When larvae are compressed by
the UTM, they rearrange and exert a pressure P on the plate. d. 2000 larvae
with an average mass of 0.07 g when they are initially placed in 400 mL
beaker, at volume fraction φ = 0.55. e. After 6 minutes in the beaker in (d),
larvae self-compress to volume fraction φ = 0.61. The red dashed line in (d)
and (e) across the 250 mL mark shows that larvae settle from 250 mL over
time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.1.2 a. Comparison of time series of pressure of dead larvae (dashed lines) with
live larvae (solid lines) at increasing volume fractions. Inset: stress-strain
curve of five single larvae individually compressed to 40 N until the larva
bursts. b. Steady state pressure of dead larvae (circles) and the best fit for
φ > 0.65 (dashed line), live larvae (points) and the best fit for φ > 0.65
(dash-dot line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
xvii
5.1.3 a-b. Time course of pressures exerted by dead larvae (a) and live larvae (b)
when compressed to φ = 0.80. Inset of (b): Time course of pressure of live
larvae with stretched exponential fit when compressed to φ = 0.57. Pressure
data is a solid black line and stretched exponential fit is dashed red line. c.
Relationship between relaxation time τ and volume fraction with a dashed
line as the best fit to the dead larvae data. d. Relationship between exponent
β and volume fraction. For c-d, dead larvae data are are shown as circles
and live larvae data are shown as points. . . . . . . . . . . . . . . . . . . . 49
5.1.4 Time to halfway to the steady-state pressure for live larvae and dead larvae
shown by points and open circles, respectively. The dashed line represents
the best fit to the dead larvae data, which scales with φ−2.6. . . . . . . . . . 50
6.1.1 a. Time series of larvae rearranging between corners. b. Sample time series
of centroid x-coordinate, with the times of maximum distance of center of
mass from the center marked as a black point. The time series is a 100 second
moving average to dampen out noise. c. Probability distribution of the time
it takes larvae to go from corner to corner, where the peak frequency data is
the gray bins and the gamma distribution fit is the dashed black line. . . . 54
xviii
6.1.2 a. Sample frame with larvae with their rear ends colored red for tracking
taken 20.5 minutes after the start of filming. b. Vectors averaged over 3
minutes showing motion around a corner, taken 8.2 minutes after the start of
filming. Motion in dashed red region causes larvae to pile up. c. Comparison
of x-coordinate of the centroid (dashed red line) and the average x-velocity
in the container (solid blue line). Both the centroid and the x-velocity are a
rolling average of 1000 seconds to dampen out noise. Larvae begin moving left
13 minutes before the center of mass shifts. d. x-velocity profile 7.5 minutes
into the experiment, when larvae are moving towards the right corner. Inset:
Schematic of larva motion into corner, with longer vectors corresponding to
faster larvae. e. x-velocity profile 28.8 minutes into the experiment, when
larvae are piled in the corner. Inset: Schematic of jammed larvae. f. x-
velocity profile 49.8 minutes into the experiment when larvae are rearranging
to the left corner. Inset: Schematic of larva motion as the pile breaks up.
Velocity profiles in d - e are taken from the motion of the larvae in the corner
in a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.1.3 a. Experimental setup to drag a screw vertically through the larva pile. b.
Tracks of vertical motion of magnets. Solid line is magnet on the right and
dashed line is magnet on the left. c. Center of mass of larvae (solid blue line)
and sine fit (dashed black line). The best fit curve starts at 155 minutes,
when we begin driving the oscillation. Previous motion of the screws does
not affect larva motion, likely due to transient effects in their arrangement. 58
6.1.4 a. Sample frame from the simulation showing simulated larvae piling up in
a corner. b. Velocity vectors of simulated larvae. Inset: A schematic of our
model system. c. x-coordinate of the center of mass of the simulated larvae
showing rearrangement from corner to corner (dashed red line) and average
x-velocity (solid blue line) showing that the signals are similar (5τR moving
averages). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
xix
7.1.1 a-b. Thermal images of 2000 black soldier fly larvae when initially mixed
with a chicken feed and water mixture (a) and 78 minutes after the start
of eating (b) show that larvae heat up as they eat. c. Setup to measure
metabolism of fly larvae. d. Larvae consume CO2 faster when eating (blue)
than when not eating (red). . . . . . . . . . . . . . . . . . . . . . . . . . . 63
7.2.1 a. Larvae in the first prototype of the aerating bed: a 4 inch outer diameter
tube with 0.125 inch thick walls. The larvae on the left are not aerated, while
a fan cools larvae from underneath on the right. b. Measurement of larva
cooling from the thermal video (points) and theoretical prediction (line). c.
Schematic of larva cooled by aeration. d. Images from thermal video of
experiment in (a). Over time, the aerated larvae on the right are cooled
while the control larvae on the left become hotter. . . . . . . . . . . . . . . 64
7.2.2 Prototype for testing the growth of black soldier fly larvae. 20,600 larvae are
placed in the aerating bed at 9 days old, and grow to 0.21 g by 14 days old,
3.9 times the recommended density of larvae per square foot. . . . . . . . . 65
7.2.3 a. Schematic of scalable design for aerating bed. b. Photograph of current
aeration setup. c. Plot of mass of 200,000 larvae as they grow in the bed. . 66
8.1.1 a. Puppies gathered around a food bowl spin around a dish with an angular
velocity ω. Original video can be found at www.youtube.com/watch?v=UnGJV jmh-
k. b. Measurements of puppy speeds in degrees per second vs. number of
puppies (points) and linear best fit (solid line). When there are more dogs
around a bowl, they tend to spin slower. c. Twelve robots in the Georgia
Tech Robotarium spin around an orange patch of “food”. . . . . . . . . . . 69
xx
8.3.1 a. Bristlebots in the 145-degree bowl spin around the center inset. This
experiment was repeated three times at each angle. b. Angular velocity of
Bristlebots in the 145-degree bowl (points) with a sigmoid best fit (solid blue
line). c - e. Sigmoid fit parameters: c. A, top speed of robots; d. B, the
slope of their jamming; e. M, the number of robots at which the robots slow
down. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
9.0.1 a. Dropping a sphere through larvae to measure their viscosity. b. Zoomed
out view of 5,000 larvae in an aquarium eating an orange slice, showing piles
near the orange and near the walls. . . . . . . . . . . . . . . . . . . . . . . 73
xxi
LIST OF TABLES
1 Larva composition determined by EDS . . . . . . . . . . . . . . . . . . . . . . . 37
2 Larva flow properties derived from PIV . . . . . . . . . . . . . . . . . . . . . . 39
3 Parameters used to calculate air flow through bed of larvae and sand. . . . . . 81
4 Parameters used to cooling of larvae. . . . . . . . . . . . . . . . . . . . . . . . . 82
5 List of videos used in analysis of puppy pinwheels. . . . . . . . . . . . . . . . . 83
xxii
SUMMARY
The black soldier fly is a non-pest insect that is raised by startup companies. The larvae
of the black soldier fly are used as a sustainable animal feed. While much is known about
the biology of these larvae, little is known about their behavior in large numbers such as
their rates of eating or their ability to withstand piling on top of one another. In this thesis,
we present experiments on the feeding, compression, and pile formation of swarms of black
soldier fly larvae. The consumption of a food item is limited by the number of larvae that
can surround the food and the breaks the larvae take while eating. We discover that larvae
form fountains around food, replacing each other so that the food is distributed among the
larvae that do not have access to food. During eating, the larvae heat themselves up, a
problem we solve using an aerating bed. When vertical forces are applied to swarms of
larvae, they actively rearrange to re-distribute the stress. The time scales of relaxation
of dead larvae are in the form of stretched exponentials, models which have been used
to describe the relaxation of balls of crumpled paper and other hierarchical materials. In
confinement, larvae spontaneously form and disassemble piles of hundreds of individuals.
We control the timing of the disassembly of these piles using vertically intruding objects.
This research offers both practical suggestions for raising fly larvae as a sustainable feed for






The motivation behind this thesis is to understand the behavior of black soldier fly larvae,
Hermetia Illucens, a non-pest insect under consideration as a method of bio-converting
food waste to sustainable protein. A black soldier fly larva, as shown in Figure 1.1.1(a),
weighs 0.1 to 0.2 grams, and is composed of approximately 42% protein and 35% fat by
dry weight1. This makes them a candidate for sustainable feed for animals such as chickens
and fish. Humans produce about 1.3 billion tons of food waste per year, approximately one
third of the food grown for human consumption2. In addition to being a waste of resources,
rotting food waste is an environmental hazard that can spread diseases and release excess
methane and carbon dioxide3. Each black soldier fly larva eats up to twice its body weight
per day in decomposing organic matter, and is particularly suited for eating fruit and
vegetable waste. Black soldier fly larvae can be fed the food waste that would otherwise be
left to rot in landfills (such as the pizza in Figure 1.1.1(b)), which makes feeding them
cheap and environmentally friendly, and then the larvae themselves can be fed to livestock
for human consumption. Additionally, black soldier fly larvae can be used to manage feces
for sanitation in rural areas4.
Startups all over the world, such as Grubbly Farms, Evo Conversion Systems, and
others, raise black soldier fly larvae and sell them. This market has untapped potential
in the animal feed industries. However, an understanding of how large groups of larvae
behave remains missing. In this thesis, we investigate larvae from the individual larva to
aggregations of tens of thousands to answer questions tying into how to efficiently raise
them. When investigating the larvae in large numbers, we view them as an active material,
as this allows us to draw upon the wide literature of active matter and collective dynamics
for context to understand their behavior.
We begin the thesis with a study of the eating behavior of fly larvae, in which we
discover that larvae form a “fountain” around a piece of food. We then investigate how
larvae behave when subjected to external forces pushing upon them, as they might during
1
packaging and shipping. Third, we investigate how larvae behave when confined to plastic
bins by measuring their motion between corners of 2D containers and driving this motion.
We wrap up our experiments with black soldier fly larvae. by building an aerating bed to
raise overheating larvae in. We briefly discuss how other animals feed in groups. Finally,
we present dimensional analysis regarding larva motion, and close with a discussion of the
implications of our work both for raising fly larvae and for the study of active matter.
Figure 1.1.1: a. The black soldier fly larva shown is 14 mm long and weighs 0.1 g. b. A
group of larvae consume a 40-cm diameter pizza in two hours. The motion of the pizza
crust and cheese away from the center indicates that the motion of larvae is correlated with
their neighbors. These images are courtesy of Grubbly Farms.
1.2 Background
1.2.1 Bioconversion with black soldier fly larvae
Approximately one-third of the food made for human consumption – 1.3 billion tons per year
– is wasted. 45% of this food is fruits and vegetables. Meanwhile, as of 2005, 854 million
people are chronically malnourished5, and it is projected that a 25% to 70% increase in
food production will be necessary to feed the growing world population by 20506. Food
waste occurs for a variety of reasons, from poor storage (such as a lack of refrigeration and
packaging in markets) to excess leftovers (such as restaurant portions that are too large
and remain unfinished). This contributes to climate change both by wasting the resources
2
used to produce the food, polluting the land near the landfill, and generating methane and
carbon dioxide through its decomposition3,7.
While it would be ideal if all of this food waste went to the hungry rather than being
wasted, some food wastage is inevitable. The black soldier fly larva is under consideration as
a method of converting some of this waste into feed for chickens and fish, and thus recycling
it back into the system. Larvae have been under consideration as a feed supplement for
poultry and swine since the 1970s8,9. Scientific interest in these larvae picked up with
Dr. Craig Sheppard’s work in 1983, which noted the exceptional ability of the larvae
to manage manure in chicken production and thus keep away pests, such as house flies,
which could spread disease or otherwise be harmful to the chickens10. These larvae became
more and more popular in the 1990s and 2000s, with work into using the larvae for manure
management and sanitation11,12, rearing methods1,13,14, and nutritional potential in animal
feed15.
The black soldier fly lays up to 1000 eggs at a time, which hatch after 4 – 14 days13. After
hatching, larvae grow over two weeks to several months, depending on the environmental
conditions and available food. They go through six instars before pupating16. When a larva
pupates, it stops eating, its mouth turns into a sucker attachment, and the larva climbs out
of the rotting vegetation it was growing in to a safe, dry spot. This property is often used
by larva growers to get larvae to self-harvest: larvae are grown in bins with sloped sides, and
climb out of the bins when they are fully grown. Black soldier flies spend approximately
two weeks as a pupa17. When the fly emerges, it lives for 8 - 9 days. It has no mouth to
feed with, and only mates, lays eggs, and then dies18. Since the adult fly does not eat, it
does not spread diseases.
In the United States, black soldier fly larvae have been approved for feed for carnivorous
fish and for poultry since 2018. They are grown both by large companies, such as EVO Con-
version Systems (www.evoconsys.com) and Enviroflight (www.enviroflight.net), by farmers
seeking to reduce manure, and by at-home composters with backyard chickens. Although
how to raise these larvae and their nutritional properties have been deeply investigated,
many questions about their biology and how they are to be raised remain unanswered. In
this thesis, we use biomechanics to answer some of these questions and make black soldier
fly larvae a viable method for turning food waste into sustainable protein. Since larvae
are generally found in large aggregations, it is valuable to understand larvae as a group in
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addition to focusing on the individual. To accomplish this, we turn to studying larvae as
active matter.
1.2.2 Collective dynamics of fly larvae
The success of animals that live in groups, such as black soldier fly larvae, arises from
their collective motion. In this thesis, we investigate how these larvae collectively sense
food patches and respond to forces. Collective sensing is known to exist in golden shiners,
schooling fish that like to hide in shaded areas. The fish mimic the motion of their neighbors
to collectively follow dark patches moving around the water19. Termites sense vibrations to
communicate locations of food by drumming their heads on the ground20. Some animals are
able to build structures out of their bodies. Army ants, which march over long distances
in their search for food, build bridges across gaps to allow the colony to cross. These
bridges change in size based on ants detecting traffic flow over the bridge and adjusting
their position to keep the bridge stable. The ants balance the need for ants forming the
bridge to ants foraging to create the optimal path21. In this thesis, we look at how larvae
form piles around food to both sense it and to allow other larvae to reach it. On a smaller
scale, cells in an expanding cell sheet (such as during the growth of tissues in embryonic
development) are guided by the forces that they exert on each other. The stresses of cells
pulling in the same direction expands the sheet outwards22. As part of this thesis, we
investigate how larvae react to the forces they experience from each other and from their
environment. Whether visual or tactile, it is the interaction of organisms with one another
that makes these collectives succeed.
Understanding the behavior of black soldier fly larvae is important to both raising the
larvae better and for inspiring collective robotics. Many swarm robotics platforms have
been developed to make use of complexity and collective behavior. The connection between
animal collectives and swarm robots is easy to make: individuals in both follow simple
rules to achieve complex group behaviors, and there is a wide range of behaviors to choose
from. A wide range of research exists on laboratory robot swarms23. The Robotarium at
Georgia Tech, for example is an open-access robot swarm for modeling24. Another example
is Harvard’s Kilobots, 1024 robots that can self-organize in many shapes and transport
objects25–27.
The advantage of fly larvae-inspired robot swarms is that, like larvae, they would not
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avoid collisions – they would make use of them to transfer information. Most robot swarm
implementations only consider obstacles and robot-robot interactions in terms of avoiding
collisions, but recent theories suggest that robots can gather information from how they
collide28. A similar concept has been tested with light-avoiding robots built to mimic bees29.
Robots sharing information by colliding with each other and objects in their environment
eliminates the need for many other sensors on the robot as well as collision avoidance
mechanisms. Thus, this thesis has applications both to raising fly larvae for animal feed
and for the study of other animal behavior and swarm robotics.
1.2.3 Eating behavior of fly larvae
Figure 1.1.1(b) shows larvae consuming a 16-inch pizza in two hours. When farming
larvae, maximizing eating rate is desired so that the larvae can grow as quickly as possible.
While past studies of larva feeding give estimates for their eating rate1, little detail is given
on the number of individuals. The goal of this study is to determine the mechanism by
which groups of larvae feed.
Although there has been much work done on collective animal movement30, little is
known about collective feeding. Such feeding behavior is universal because migratory ani-
mals often feed together. This is the case for swarms of locusts, which can destroy fields of
crops, or piranha shoals, which can remove the flesh from animals in minutes. In fact, high
feeding rates are used to accomplish tasks that would be difficult to do otherwise: dermestid
beetles eat dead flesh so thoroughly that they are used by museums to clean bones, but how
their feeding rate depends on the number of beetles remains unknown31. Comparatively
more work has been done on the feeding of livestock, due to its importance to agriculture.
However, it has been investigated for specific, not general cases – for example, the behavior
of growing pigs in single-space feeders or the social consequences of moving cows between
groups32,33. Moreover, experiments with cows and pigs necessarily involve fewer numbers
of individuals than the group feeding of insects.
In order to understand how larvae feed so quickly, one of the methods we use in this thesis
is the visualization of their collective movement. Tracking individuals in three-dimensional
swarms has been done with hundreds of birds34,35. The larvae are challenging to visualize
because the individuals are in closer proximity than birds in flocks or fish in schools. Rather
than visualize the motion of larvae inside the opaque aggregation, we visualize it with 2D
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imaging from the top and bottom, and use particle image velocimetry (PIV) to analyze their
flows and infer motion inside the aggregation. Typical PIV analysis uses tracer particles in
the fluid to be imaged. The positions of the tracer particles in frames of camera images are
correlated to find velocity vectors between frames. In active matter research, the technique
is adapted so that the organism being studied is used as the tracer particle. PIV has
been successfully used with bacteria and with microtubule networks36,37. Bacteria swim
in a fluid or atop a substrate and 2D layers have been previously visualized. We adopt
similar methods, and film the top and bottom of the larva aggregation in our chapter on
investigating how larvae eat.
1.2.4 Compression experiments as a measure of activity
Black soldier fly larvae have several properties that make suitable for understanding how
organisms deal with compression. The larvae are 10 to 20 mm long, large enough to visualize
without microscopy but small enough to compress with a typical universal testing machine.
It is inexpensive to obtain thousands of black soldier fly larvae to investigate their collective
dynamics, and they do not bite or transmit diseases to humans. Additionally, understanding
the compression of black soldier fly larvae has potential applications to industry. Little is
known about optimal conditions to raise the larvae, such as the size of the container they
should be grown in or the depth of larvae in the container. Investigating the behavior of
these larvae under compression can yield insights to how tightly they can be packed during
shipping in order to reduce shipping costs or increase their safety.
In our chapter on compressing black soldier fly larvae, we consider the larvae as a
granular viscoelastic material. They are granular because the interactions of larvae are
associated with dissipation of energy through friction. They are viscoelastic because they
act like both fluids and solids: if squeezed, they store energy like a spring, or flow to
dissipate energy. In general, to determine the extent of the fluid and solid-like behavior of
a material, a creep test is performed, in which the material is compressed under constant
strain. In response, viscoelastic materials relax, or rearrange to dissipate energy and relieve
stress, a phenomenon which is manifested as an exponentially decreasing stress38. For many
materials such as Jello, the rate of this relaxation is characterized by a single parameter
called the relaxation time, τ , where the stress scales as e−
t
τ . However, there has has been
a rising interest in hierarchical materials, such as crumpled balls of paper or aluminum
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that consist of self-avoiding fractal structures due to the many length scales of crinkles39.
Hierarchical materials are common in biology40–42. The relaxation of these materials is
best described by a stretched exponential in which the exponent is raised to a power so that
stress scales as e−(
t
τ
)β . The effect of the exponent is that the function is “stretched” and
takes longer to come to a steady-state value than a normal exponential43–45. We compress
black soldier fly larvae to various volume fractions. Then we use a stretched exponential fit
for the measured pressure as a function of time, and extract properties such the speed at
which these larvae are able to rearrange and relax the pressure on their bodies.
1.2.5 Synchronizing pile formation of black soldier fly larvae
Insects such as ants and bees are known for their ability to build vast assemblages of thou-
sands of individuals. Fire ants survive flash floods by linking their bodies together to build
waterproof rafts. When these rafts anchor to protruding vegetation, they can reform into
large towers up to 30 body lengths in height46. Bees form large hanging swarms to protect
the queen, showing similarity to stalactites47. The physical properties of these swarms are
understood using techniques such as rheology. However, little is known about how these
assemblages form in the first place, and how they disassemble. Understanding these ques-
tions will be useful to biologists and physicists who study swarms and the roboticists that
design swarming robots.
In our chapter on synchronizing motion of larvae in corners, we study the behavior of
larvae raised in rectangular bins, where they grow from newly hatched larva to pupa over
a period of weeks. Figure 1.2.1(a) shows a photograph of a typical bin for larvae. These
are an excellent model organism for studying aggregations because like the ants and bees,
the larvae tend to aggregate. They aggregate around food, continuously bringing in new
larvae to feed48. The ability of the larvae to withstand the weight of up to 53,000 larvae49
enables them to tightly pack their bodies. They also aggregate in the corners of their
bins, generating so much force on the walls that they can break the glue holding the walls
together. The aggregations can even become tall enough that larvae use them to climb out
of their bins. Understanding how such piles are made and broken can inspire ways to better
contain these larvae for industrial applications where they will be raised at scale.
Piles of larvae show similarities to piles of inactive materials. Sand and other granular
materials will form piles with a constant angle of repose50. Avalanches are known to be
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Figure 1.2.1: a. Larvae in a bin pile up in corners. The bin is about 36 cm wide. b. The
experimental setup in our study, larvae confined to a two dimensional bin formed using two
vertical petri dishes. The container is 95 mm long.
initiated by the motion of the top layer. In an inactive granular pile, the grains on the
surface of the slope are free to move while the grains underneath are static. An avalanche
occurs when this top layer shears the material underneath to force it downwards51,52. Larvae
are similar; however, the motion of free larvae at the top layer cannot drag larvae along
with them, since the larvae are oriented with their heads downwards and can only crawl
forward. Thus, something must penetrate the pile of larvae to get the larvae within it to
move.
Black soldier larvae fly are active particles because they have their own energy source.
Their ability to form piles is more similar to the behavior of shaken inactive particles than
that of avalanches in which all the particles are static. In 1831, English physicist Michael
Faraday, who is primarily known for his studies of electromagnetism, performed experiments
with vibrated sand grains. At particular frequencies, he observed that the grains form
piles, in a process now known as “Faraday tilting”53. When the grains are confined to a
2D container and shaken, they pile up in the corners of the container under a range of
frequencies and amplitudes of shaking. Although this phenomenon has been repeated by
granular physicists in both experiments and simulations, the physical mechanism driving it
remains unknown. It is thought to be caused by the interaction of the particles with the
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surrounding air, and the change in air pressure54–56. Our study of black soldier fly larvae
forming piles may give insight into studies of inactive materials where piles can be made or
broken up.
1.2.6 Cooling fly larvae with aeration
When black soldier fly larvae are grown in large numbers, they need to be cooled from the
heat generated by their metabolism to prevent all of them dying from overheating. This is
based on observations in the black soldier fly industry that the larvae cannot be raised in
external temperatures above 36◦C, above which only 0.1% of 4 – 6 day old larvae survive
to become adults. The optimal temperature for raising larvae is 27 – 30◦C57,58. However,
black soldier flies have been observed to mate and lay eggs in external temperatures up to
47◦C, suggesting that the larvae should be able to survive at those temperatures as well59.
Additionally, black soldier flies are native to Georgia where heat waves often reach 44◦C.
Raising larvae at temperatures above 36◦C has been impossible because these larvae
generate heat through their fast metabolism. When larvae grow up free to crawl around on
a compost pile, they can easily crawl away from areas that are too hot. Currently in the
black soldier fly industry these larvae are raised in plastic bins, where they cannot easily
escape excess heat.
While there is no existing literature on temperature generation by black soldier fly
larvae, temperature generation by blow fly larvae species (Diptera: Calliphoridae) is well
documented. Unlike black soldier flies, which prefer to eat fruit and vegetable compost,
blow fly larvae are know to be voracious eaters of animal flesh – they are the piranha of the
maggot world. The presence of these flies and the age of their larvae on corpses can be used
to measure the post-mortem interval, or the time of death. This information can then be
used in forensic investigations in which knowing the time at which a person was killed can
narrow down the list of murder suspects. Blow fly larvae, like black soldier fly larvae, are
known to be temperature dependent in their development. Different blow fly larva species
are known to tolerate different temperatures, and larvae that are able to tolerate higher
temperatures out-compete larvae that cannot tolerate those temperatures by metabolically
raising the heat on the carcass they feed on60.
Since larval development is affected by temperature, it is important to characterize
how heat generated by aggregated larvae affects their environment. Temperatures in large
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aggregations of larvae can be anywhere from 12 to 32◦C above the ambient. This heat can
speed up the development of larvae if the surround temperatures are cold enough to inhibit
their growth. At least 100 larvae need to be present for this effect to be relevant. Larvae
have not been found to reduce their heat generation to prevent overheating, but piles of
larvae do split in an attempt to thermoregulate. Upper lethal temperatures for blow fly
larvae are found to be around 45◦C61–63.
While this has only been investigated in blow fly larvae and not black soldier fly larvae,
we present experiments in our chapter on cooling larvae suggesting that black soldier fly
larvae have similar thermodynamic behaviors. Since only 100 blow fly larvae have been
observed to generate heat, it is no surprise that thousands of black soldier fly larvae within
a plastic bin overheat and die when they are fed. This limits the number of larvae that can
be produced within a space. The current recommendation is to grow larvae in layers 2-3
inches deep64. Ideal conditions for raising larvae are 1.2 larvae per square centimeter. If
larval eating rates are limited, they can be raised in depths as 5 larvae per square centimeter
(2 lb per square foot), but this decreases the amount of food waste that can be processed
and the rate of larva growth13,65. A common recommendation is to raise no more than 3
lb of fully grown larvae per square foot, or 7 larvae per square centimeter.
1.3 Thesis outline
In this thesis, we investigate the mechanics of their motion and apply this to new ways
to raise larvae. We begin by describing our experimental methods in Chapter 2, from the
general details of how larvae were cared for to the specific details of each experiment.
In Chapter 2, we describe the experimental methods that we use to study fly larvae. In
Chapter 3, we describe our theoretical methods. In Chapter 4, we elucidate the mechanism
by which groups of black soldier fly larvae can eat so quickly. We use time-lapse videography
and particle image velocimetry to investigate feeding by black soldier fly larvae. Individually,
larvae eat in 5 minute bursts, for 44% of the time they are near food. This results in
their forming roadblocks around the food, reducing the rate that food is consumed. To
overcome these limitations, larvae push each other away from the food source, resulting
in the formation of a fountain of larvae. Larvae crawl towards the food from below, feed,
and then are expelled on the top layer. This self-propagating flow pushes away potential
roadblocks, thereby increasing eating rate. We present mathematical models for the rate of
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eating, incorporating flow rates measured from our experiments.
In Chapter 5, we describe how larvae rearrange to reduce the forces upon them when
compressed. We use a universal testing machine to conduct creep tests on larvae, squeezing
them to set volume fractions and measuring the time course of their reaction force. Live
larvae come to pressure equilibrium ten times faster than dead larvae, indicating that their
small movements can rearrange them faster than just settling. The relaxation of dead larvae
is well described by stretched exponentials, which also characterize hierarchical self-avoiding
materials such as polymers or balls of crumpled aluminum foil. The equilibrium pressures
of live larvae are comparable to those of dead larvae, suggesting that such pressures are
dictated by the physics of their bodies rather than their behavior. Live larvae perform
fluctuations to actively maintain this equilibrium pressure. This ability to survive large
pressures might have applications in the larvae-rearing industry, where both live and dead
larvae are packed in containers for shipping.
In Chapter 6, we study how larvae pile up in corners of plastic bins. This can allow
them to break the bin or escape over its edge. In this combined experimental and numerical
study, we confine 300 larvae in flat vertical containers and measure the motion of larvae.
The larvae oscillate between corners once per hour. Using particle image velocimetry, we
observe oscillations in the velocity and the position of the center of mass of the swarm. The
oscillations of velocity lag behind position by 13 minutes. Active matter simulations using
elongated swimmers confirm that the oscillation of the larvae in containers can result solely
from the physics of their interactions and their activity. We drive the motion of larvae from
corner to corner by pushing down on the peak of the pile, and breaking through the jammed
larvae. This is a new active matter phenomenon that has implications both for the physics
of animal motion and new ways to raise fly larvae in industry.
In Chapter 7, we build an aerating bed to raise larvae in. It is known from forensics
studies that fly larvae generate heat through their metabolism. When larvae are found on
compost piles, they can crawl away when they get too hot. However, when the larvae are
raised in plastic bins they can easily overheat and die because of this excess heat. Aeration
cools larvae more effectively than only air conditioning the space they are raised in.
Chapter 8 discusses an aside from the study of fly larvae, and a potential application to
swarm robotics. We investigate the phenomenon of “puppy pinwheeling” in which a litter of
puppies gathered around a food bowl spontaneously begins spinning as the puppies eat. We
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present measurements of how quickly puppies spin as they eat. We then make two robotic
models of this behavior: first, we use the Georgia Tech Robotarium as an agent-based model.
We then use Bristlebots, simple vibrating robots, placed in bowls to simulate feeding. We
find that both agent-based robots and Bristlebots rotate around circular objects.
Chapter 9 summarizes the scales of experiments with fly larvae, and draws connections
between these scales to understand motion of larvae in different scenarios. In this chapter
we present dimensionless parameters for larvae showing that their inertial forces are low,
and viscous and gravitational forces dominate their motion.





In this chapter, we discuss the experimental methods that we use to study fly larvae from
how we cared for larvae to filming, particle image velocimetry, and aeration.
2.0.1 Larva care
Black soldier fly larvae are obtained at 8–12 days old. Masses of larvae are determined as an
average mass of 100 larvae, and were generally between 0.8 and 0.1 g in our experiments on
feeding, compression, and piling. Larvae are obtained from Grubbly Farms prior to January
2019 and from Evo Conversion Systems from January 2019 onward. Unless otherwise stated,
larvae are kept at room temperature and are starved between trials to prevent them from
pupating.
For experiments measuring larva eating rate, black soldier fly larvae are obtained from
Grubbly Farms at 8–12 days old, and weighing about 0.1 g. They are starved for 24
hours before any experiments. On the remaining days, larvae in the individual eating
rate experiments and PIV experiments are fed chicken feed; larvae in group feeding rate
experiments are fed leftover fruit pulp from smoothies. Larvae obtained from Grubbly
Farms for the particle image velocimetry portion of the study had an average mass of 0.09
g.
For experiments compressing individual larvae, larvae are obtained from Grubbly Farms
at an average mass of 0.1 g in August 2018. For all other compression experiments, batches
of 10,000 larvae are obtained from EVO Conversion Systems at an average mass of 0.07 to
0.08 g during the period January to March 2019.
For experiments on the piling behavior of larvae in corners, black soldier fly larvae are
obtained on two separate occasions: first, in January 2018 from Grubbly Farms and then
in September 2019 - January 2020 from Evo Conversion Systems. The larvae obtained in
September 2019 had an average mass of 0.09 g/larva, the larvae obtained in January 2020
had an average mass of 0.1 g/larva, whereas the mass in 2018 was not recorded but was
likely comparable.
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2.1 Eating behavior of fly larvae
2.1.1 Larva measurements
Larvae in PIV trials are counted by weighing 100 larvae on an analytical balance, finding
an average larva mass of 0.09 g. We use this mass to measure out 1,000 larvae, again on
an analytical balance. The larvae are placed in a 250 mL beaker, where we immediately
measure their volume so they do not have time to actively settle. We find that 1000 larvae
have a volume of Vtotal = 175 mL. If every larva has an average length L = 13.7 mm, width
w = 4.3 mm, and height h = 3.2 mm, then its volume, that of an ellipsoid, is Vlarva =
π
6whL ∼ 0.1 cm
3. The average packing fraction of larvae is therefore 1000Vlarva/Vtotal =
0.56. The maximum packing of ellipsoids is 0.735, so larvae are much less densely packed
than they could be if they were allowed to settle.66 Using this packing fraction, we proceed
by using volume to measure out 3000, 5000 and 10,000 larvae in increments of 175 mL of
larvae.
In group feeding trials, the number of larvae in an aggregation is estimated by weighing
the aggregation with an analytical balance (for 1000 or fewer larvae) or a Smart Weigh
ACE110 Digital Scale (for more than 1000 larvae).
2.1.2 Feeding by a single larva
The mouth of a dead larva is photographed with a BK PLUS lab system by Dun, Inc. We
determine the chemical composition of the mouth and head by examining a dead larva in a
scanning electron microscope (LEO 1530 by Carl Zeiss, AG, Oberkochen, Germany) with
an attached energy dispersive x-ray spectrometer (Oxford Instruments, Abingdon, UK).
High speed videos are taken with a Phantom Miro M110 high speed camera at 500
frames per second. The larva’s mouth is pushed through a hole in a piece of tape to hold
it in place during filming. We track the positions of the maxillae in the high speed video
using the free software Tracker from physlets.org. The length of the mandibular brush,
Lbrush = 0.38 mm, is used for scale. There is error due to the head movement of the larva,
but this displacement is small compared to the movement of the maxillae. To measure how
often larvae feed, we perform experiments with single larvae. We place each of 10 larvae
into 10 separate 100-cm diameter petri dishes, and fed them with a 0.2-g lump of food in
the center of the dish. The food is a mixture of 50% chicken feed (Southern States Layer
and Breeder) and 50% water by volume. This food stays in a single lump without leaking
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unless a larva breaks it, facilitating our tracking if a larva makes contact and is eating.
We film a top view of the larvae with a Sony handycam (Model HDR-XR200V) for over
an hour, and watch the videos afterward to mark the durations that the larvae remains in
contact with the food, which we assume are the durations that the larvae feed. Fluorescent
ceiling lamps are used to light the half of the laboratory that trials are not occurring in,
indirectly lighting the larvae and not disturbing their feeding.
Throughout this study, we continue to use Sony handycams for all filming except high
speed, but we will vary the food and lighting.
2.1.3 Particle image velocimetry (PIV) of a group of larvae
A specially constructed apparatus is used to perform PIV on groups of larvae (Figure
2.1.1(a)). A 10-gallon fish tank is set up on a metal cart with cameras mounted both above
and underneath the tank. Fluorescent ceiling lamps illuminate the top view. To illuminate
the bottom view, we point two LED lamps (Visual Instrumentation Corporation, Model
900420 W) from the side. The lamps are covered in thin packaging foam and red cellophane
because lighting in this spectrum is less disruptive to insects.67 To commence experiments,
half of an orange slice (weighing 12 g) is pushed through a toothpick glued upright in the
center of the tank. The orange slice is not peeled so that larvae do not tear it from the
stick.
Figure 2.1.1: a. Setup of particle image velocimetry experiment. Larvae are placed in a
10 gallon aquarium with cameras filming the top and bottom. b. Sample instantaneous
vectors from a top view of larvae around food. The vectors do not point to any mean flows,
showing the need for averaging.
Larvae aggregate around the orange as they eat it. We use PIV to determine the flow
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properties of the larva aggregation. Within the aggregation of larvae around food, we can
define a “mixing region” as the area around the orange where the average velocity of larvae
is greater than a threshold of 0.125 mm/s, or 1/16th the speed of a free larva. The mixing
region is characterized by an inflow of larvae on the bottom layer and an outflow of larvae
on the top layer, indicating that larvae form a coherent flow around food. Many of our
calculations will refer to the velocity and size of this mixing region.
We do two types of experiments: an experiment with both a top and bottom view,
and then experiments with varying numbers of larvae with a top view only. Performing
analysis on both top and bottom view is time-consuming, so the bottom view is performed
sparingly. In the top and bottom views, 600 mL of larvae (approximately 3500 larvae) are
placed in the tank and eat an orange slice as they are filmed. For each video, one hour of
footage is filmed. One frame per second of the resulting video is extracted from top view,
and one frame per five seconds of the video is extracted from the bottom view. Larvae on
the bottom are jammed by the surrounding larvae and move slower than the ones on top.
Larvae on the top view move faster, but less frequently, than larvae on the bottom view.
Consequently, a longer time between frames is needed on the bottom view. Frames are
extracted using the free software, Video to JPG Converter (www.dvdvideosoft.com).
Digitization and data extraction from the images is accomplished with MATLAB. We
write a script to crop raw images and convert them to white larvae on a black background.
PIVLab68,69 is used to measure the velocity fields between each pair of consecutive frames.
A mask is drawn on top of the orange slice to avoid analyzing that area. The interroga-
tion windows, in which particle positions are correlated, decrease in size from 64 pixels to
32 pixels in two passes of analysis. Sample instantaneous vectors are shown in (Figure
2.1.1(b)). For the experiment with a top and bottom view, results are averaged over 2000
seconds, starting at 500 seconds, which we see as steady state. We validate our PIV analysis
by randomly reshuffling frames from 500 to 2500 seconds in the top view of this experiment:
the resulting vector field after averaging, shown in Figure 2.1.2, shows the absence of a
mixing region, as expected. This confirms that the resulting mixing region is not an artifact
of our analysis.
For this single trial with a top and bottom view, the mixing region is not clearly above
a particular threshold. This is likely caused by the bottom lighting disturbing the behavior
of the larvae. Instead, we estimate the mixing region by measuring it within PIVlab to be
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Figure 2.1.2: When vector fields used for averaging in the top view in the top and bottom
view PIV experiment are reshuffled in time, their average no longer shows a mixing region.
This indicates that the mixing region found through PIV analysis is valid.
about 80 cm2 for the top view and 60 cm2 for the bottom view (including the orange). We
then draw this mask around the mixing region in the top and bottom views to determine
the average velocity magnitude, divergence, and vorticity.
In our trials with multiple group sizes, we perform top-view PIV experiments with 500,
1000, 3000, 5000, and 10,000 larvae. Since larvae can only enter the mixing region from the
top or bottom layer, the number of larvae leaving the food on the top view must be equal to
the number of larvae coming in to eat on the bottom view. Thus, the top view is sufficient to
calculate both the flow rate of larvae away from and towards food. The top view yields more
consistent results because the bottom view lighting disturbs larva feeding. With fewer than
500 larvae in the container, the mixing region is too small for PIV analysis, so the analysis
starts with 500 larvae. Only fluorescent ceiling lamps are used in these experiments, and
the bottom view is not filmed. Only 35 minutes of footage is filmed in these cases. 1500
seconds of motion are averaged, and a velocity limit of 10 mm/s, 5 times the speed of a free
larva, is selected in the 1000 and 5000 larva trials as there was some noise in a corner of
the container that yielded velocities over 10 times the speed of a free larva. We then select
the mixing region with our threshold velocity of 0.125 mm/s. The average vector fields are
saved for further analysis as described in §2.4.
2.1.4 Measuring flow rate from PIV
We define the rate of outflow of larvae as the number of larvae leaving the food per minute
on the top layer of the mixing region. By conservation of mass at steady-state, this flow
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rate is necessarily equal to the larvae entering the food below. To estimate the flow rate of
larvae for mixing regions with 500 to 10,000 larvae, we calculate the flux from the boundary







(v · n)dA, (1)
where v is the velocity vector at each point, n is the normal to the boundary segment at
that point, dA is the length of the segment multiplied by the layer depth (the height h of a
larva, 3.2 mm), and Vlarva ∼ 0.1 mL is the volume of a larva. The segments are measured
by connecting the midpoints of the two boundary sections surrounding the point, and their
length is 5± 1 mm. The relationship between the number of larvae and flow rate is shown
in Figure 4.2.2(f). We model this trend using a linear best fit for 1000 to 10,000 larvae:
Q = aN + b (2)
where a and b are coefficients and N is the number of larvae. To validate calculating average
vector fields over 1500 seconds for outflow calculations, we additionally recalculate Q with
velocity fields calculated with 1000 seconds of averaging starting at 1000 seconds, and 500
seconds of averaging starting at 1500 seconds. We compare these average velocity fields for
the 1000 to 10,000 larva trials. We find that the flow rate of larvae changes by a maximum
8 larvae per minute with averaging over 1000 seconds and maximum 11 larvae per minute
with averaging over 500 seconds. Since Q is on the order of 50 larvae per minute for 1,000
larvae and 100 larvae per minute for 3,000 to 10,000 larvae, we are re-assured that the flow
rates are repeatable measurements.
2.1.5 Measuring group eating rates
We measure larva eating rates by feeding orange slices weighing 6 – 18 g to larvae in bins.
Filming is done under red light to avoid disturbing the larvae. Groups of larvae numbering
500 and fewer are placed into plastic drink cups as shown in Figure 4.3.1(a).Groups of
10003000 larvae are placed into 1 l beakers. Groups of 5000 - 10,000 larvae are placed into
containers (34.6 cm x 21 cm x 12.4 cm plastic Sterilite) while groups of 15,000 - 30,000 are
placed in larger containers (42.9 cm x 29.2 cm x 23.5 cm plastic Sterilite). The test with
58,000 larvae is done in a concrete mixing tub (86.4 cm x 58.4 cm x 17.8 cm).
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Experiments are performed throughout the summer and fall of 2016, in both an indoor
laboratory and in an open-air warehouse. All experiments involve feeding an orange slice to
larvae of various group sizes, and then weighing it (Mettler Toledo Classic Plus analytical
balance) to determine the amount eaten. The duration of eating is varied from 5 minutes
to 30 minutes, depending on the size of the group. Larger numbers of larvae eat faster,
so necessitate a shorter experimental duration; smaller numbers of larvae required longer
times in order to obtain an accurate estimate of the mass eaten. The slice was weighed
after 30 minutes for aggregations of 200 or fewer larvae and three of the 500 larva trials,
and after 5 minutes for aggregations of 1000 or more larvae and the other three 500 larva
trials. Eating rates are adjusted for evaporation of the food piece, measured to be 0.2% of
initial weight every 30 minutes.
The surface area of a 12 g half of an orange slice is measured by taking pictures of its
faces with a ruler for scale, and measuring the areas of the sides by selecting them as a
polygon in ImageJ. The area of the curved surface is estimated by measuring it in ImageJ
and then multiplying that area by the ratio of its actual length (from the crescent side
image) to its projected length (from the curved side image). The total area of the orange is
given by A = 2A1 +A2 +A3, where A1 = 1143 mm is the area of the crescent-shaped face,
A2 = 1191 mm is the area of the curved face, and A3 = 590 mm is the area of the bottom
surface. The surface area is then about S = 4067 mm2. Large numbers of larvae coat the
entire piece of food after about 10 minutes of eating, although there is a location on the
orange slice where larvae do not eat for some of the experiment.
2.2 Compressing fly larvae
2.2.1 Compression tests with varying volume fraction
We measured larval activity by compressing aggregations of larvae with a Zwick Roell
Universal Testing Machine (UTM). Figure 5.1.1(a) demonstrates the experiment for the
volume fraction φ = 0.80. When the larvae were compressed by the UTM, they changed
orientation, as shown by the schematics of their positions before and after compression
(Figure 5.1.1(b-c)). The loading cell is a compression plate with a diameter of Dplate = 90
mm and 1 kN maximum force. The container for larvae was composed of a clear acrylic
tube with wall thickness 3.1 mm and inner diameter Dchamber = 95 mm, which forms a
tight enough fit with the compression plate to prevent larvae from escaping. The tube was
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glued to a 5.2-mm thick acrylic plate.
Experiments were performed with 2000 randomly selected larvae, whose number, N , was
estimated by the ratio of total weight (158 g) and mass of a single larva of mL = 0.08±0.02
g. We estimated the volume of a larva, VL = mL/ρL as its average mass, mL = 0.08 g,
divided by the density of water, ρL = 1 g/mL. Several days after the tests with live larvae
were finished, the larvae were sacrificed in a household freezer for 24 hours during which
each larva reduced in mass to 0.06 g. Tests were then repeated using 158 g of thawed dead
larvae. Since the dead larvae were lighter than live ones, we froze adequate numbers of
larvae to offset their reduction in mass.
We report all data in terms of volume fraction φ, which is derived from the height H
of the larvae measured by the UTM. Consider a cylinder of height H, bottom plate height
Hoffset, and diameter Dchamber. The volume fraction of larvae φ may be written as the ratio










Note that the height of the endcap, Hoffset = 5.2 mm, was used in order to accurately
measure larvae height using the UTM. Larvae in the tube are lightly shaken by hand before
the test begins to randomize their arrangement and negate the effects of their own settling.
Once larvae are in the tube under the UTM, we performed creep tests to measure the
time course of applied forces. A creep test applies forces to maintain the larvae at set
volume fractions φ. We tested volume fractions between 0.56 and 0.80 by lowering the plate
to heights between 33 mm and 45 mm, with 1 mm increments between tests. The lowest
volume fraction was set by the larvae’s tendency to clump together. Giving them a larger
volume than their preferred spacing resulted in incomplete contact between the larvae and
the top plate. The test began with the plate being lowered onto the aggregation at 100
mm/min, with an initial force of 0.1 N, until it reached the specified separation between
the plate and the floor of the UTM. The plate then stopped and the UTM recorded the
force F for 1000 seconds, after which the plate was lifted. Each compression test was also
recorded with a Sony Handycam (Model HDR-XR200V).










As a visualization of larvae settling, 2000 larvae with an average mass of 0.07 g/larva were
placed in a 400 mL beaker and are allowed to settle for an hour, as shown in Figure 5.1.1(d
- e).
2.2.2 Experiments compressing individual larvae
To measure the maximum force that a single larva can tolerate, we compressed five larvae
in five individual tests to a force of 40N at a speed of 5 mm/min with an initial force of 0.2
N so that the top plate can contact the larva.
In experiments with a single larva, the pressure is estimated using the larva’s initial
top area. The top area is obtained by taking an image of a larva and measuring its area
within ImageJ70. The pressure can then be written P = FA . We take the peak in pressure
as the stress at which the larva exploded. Pictures of the larvae from the top and side are
taken with an Andonstar Digital Microscope. The strain ε for a single larva may be written
ε = h0−hh0 , where h is the height of the compressed larva as measured by the UTM and h0 is
the initial height of the larva. Since the UTM compresses the larva to get a measurement
of its height, we measure the side of the larva in ImageJ to obtain an initial height for these
strain calculations.
2.3 Synchronizing piling of larvae
2.3.1 Measuring centroid of larva swarm
Setups are made from the lids of square petri dishes taped together with duct tape, with
a hole cut in the top for loading and unloading larvae. The resulting container is 95 mm
tall, 95 mm wide, and 18 mm deep, which we refer to henceforth as the “bin”. We perform
experiments in January 2018 and September 2019. In the experiments, we place 280-300
larvae into each of 4 bins. The larvae numbers are estimated either by counting them
individually or by weighing sets of 27 g of larvae, which is equivalent to 300 larvae using the
mass of a single larva. We perform 3 sets of experiments with at least one day of break in
between, filming for 5 - 13 hours with a Sony Handycam model HDR-XR200V. We record
four containers simultaneously, generating a total of 100 hours of filmed larva motion.
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Digital processing is performed in MATLAB. Frames from the videos are extracted at a
rate of 1 frame per second using the command ffmpeg (https://www.ffmpeg.org/about.html).
A MATLAB script crops out individual containers, detects the mass of larvae through a
color threshold, and records the position of the centroid of the larvae for each frame of the
video. The centroid is reported as a proportion of the width of the container, measured from
the left. A moving average of 100 seconds is used to smooth out any noise. Visually, we
find that smallest and greatest centroid positions correspond to the larvae being the most
aggregated to the left and right side of the container, respectively. We plot on a histogram
the 80 measurements of the period of centroid motion and fit it to a gamma probability
distribution function in MATLAB.
2.3.2 Particle image velocimetry
For particle image velocimetry analysis, we paint by hand the rear 2 or 3 segments of 300
larvae, which weigh 27 grams total. A number of paints were tested, but Testors Glossy
Red (# 2503) paint marker works best. Their motion is filmed in a bin for 3 hours. Frames
are extracted for every second of video, and the images are converted into black and white
with a MATLAB script, with white patches corresponding to the red ends of the larvae.
The black and white images are analyzed with PIVlab71. The instantaneous vector fields
are saved and analyzed using a 180-second rolling average and a 1 mm/s maximum for the
velocity magnitude limit. The average horizontal velocity throughout the container is saved
at each time. A rolling average of 1000 seconds is taken to dampen out any remaining noise.
The center of mass analysis from the previous section is also performed on the videos here
with a 1000 second moving average to ensure that the larvae behaved similarly to the longer
trials.
2.3.3 Synchronizing motion with intruders
We attach two stepper motors with lead screws (https://www.pololu.com/product/2689)
to each side of the vertical bin. A laser-cut acrylic extension is attached to each motor’s
traveling nut to enable the extension to reach very close to the bin of larvae. A magnet is
attached to the end of each extension, and an M3 x 10 mm screw is held by the magnet
to the other side of the container. When the motor is turned on, the lead screw rotates,
causing the extension with magnet to travel vertically, dragging the screw along with it.
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This setup is shown in Figure 6.1.3(a). The screws are initially positioned at the top of
the container, far from the larvae.
The bin is filled with 300 larvae and filmed for five hours. After 2.5 hours, the larvae
begin to switch between corners of the bin. This is a long preparation time for switching of
the pile from corner to corner, and we have no explanation for it. It may be related to the
room temperature and lighting at the start of the experiment, as the temperature in the
room was increased slightly two hours into the experiment. Once the larvae form a pile in
the left corner of the container, we begin forcing their motion with the stepper motor. The
motor is turned on to move the left side screw down through the larvae at a speed of 0.5
mm/sec. Five minutes later, the screw is raised at a speed of 2 mm/sec. Fifteen minutes
after that, the procedure is repeated with the right side screw. This is then repeated for 2.5
hours. The centroids of the larvae are then determined, and a sinusoid fitted to the centroid
data. The video is saved at 64x speed using Windows Movie Maker and each magnet was
tracked in this video with the free software Tracker (https://physlets.org/tracker/).
We also attempt moving either an M3 x 12 mm screw or a magnet measuring 20 mm
x 13 mm x 5 mm across the bottom of the container through the larvae by attaching a
magnet to a New Era Pump Systems syringe pump set to move linearly at 5 mm/min, but
larva corner switching is not consistently synchronized to this motion.
2.4 Cooling larvae with aeration
2.4.1 Investigating heat generation by larvae
We visualize heat generation by black soldier fly larvae by mixing approximately 2000 0.1
g larvae with food (chicken feed mixed with 50% water by volume). The mass of the food
is not recorded but is enough that larvae are dispersed within the food, and the larvae are
not limited in how much they can eat. We take a time lapse of the larvae mixed with food
with a FLIR T450sc thermal camera at one image per minute.
To estimate the metabolism of fly larvae, we measure the oxygen consumption and
CO2 production of 50 larvae with and without food in a respirometer, shown in Figure
7.1.1(c). 50 larvae are placed in the respirometer without food and measure first their
oxygen consumption and then their CO2 production for 300 seconds. We then add chicken
feed mixed with water to the container, and repeat the measurements.
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2.4.2 Aeration prototypes
Larvae are aerated with a fan from underneath. Our first prototype is made out of a 4 inch
outer diameter acrylic tube with 1/8 inch thick walls with a mesh glued to one end. This
bed is glued to a welded cone with a 12 inch diameter inlet and 4 inch diameter outlet. The
cone is then glued to a 12 inch diameter portable ventilation fan (Strongway 2905 CFM
maximum flow, Item 49945), oriented vertically. We test aerating larvae for cooling with
this prototype by placing 500 mL of larvae mixed with sand substrate at 34◦C in the bed
and an equal volume in another section of the same 4 inch diameter tube with no aeration.
These containers of larvae are placed in a room at 22◦C, and the fan is turned on and both
are filmed with the FLIR T450sc thermal camera. This setup is shown in Figure 7.2.1(a)
with the aerated larvae on the right. We record the temperature over time in the frames
from the video.
Once we have confirmed that aeration can cool larvae with this small prototype, we
move on to raising larvae in a 12 inch diameter fan to investigate how aeration affects their
growth. The same fan is used. This time a right angle fitting is attached to it to reorient
the airflow. A barbecue grate is placed inside the top of the right angle fitting, a mesh is
glued on top of the grate, and a twelve-inch diameter tube is placed on top of the grate.
Hot glue around the connection of the tube to the mesh seals up holes and cracks in the
connection and prevents larvae from escaping.
We test this bed by growing out larvae in it. At Grubbly Farms, we place 20,600
(measured by weight) nine day old larvae with an average mass of 0.12 g/larva in the bed,
turn on the air, and leave the fan on as the larvae grow until the larvae are 14 days old
and ready to harvest. The larvae are fed the same diet per larva per day as the rest of the
larvae being grown at the facility at lower densities and without aeration.
Our final prototype can fit hundreds of thousands of larvae. The fan (Vortex V-16XL)
has a maximum airflow of 4515 CFM and maximum static pressure of 2.55 in H2O. The
speed can be controlled from barely aerating the larvae to fully fluidizing them. The fan is
inserted into a round hole cut into a wooden air box that four bus boy bins (20 inches long
by 15 inches wide by 7 inches tall) can fit into. The bins have circular holes cut out in them
with mesh lining the holes. A schematic of this design, which can be scaled up by adding
more bins, is shown in Figure 7.2.3(a); a photograph of the setup is shown in Figure
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7.2.3(b). When filled with larvae, the bed is surrounded by a mesh tent to prevent larvae
from escaping. This bed is set up at the Techway building in the North Avenue Research
Area. We get 200,000 larvae from Evo Conversion Systems. After growing out the larvae,
we place them in this bed at an initial weight of 0.02 g/larva. The fan is turned on to the
lowest setting and allowed to run as the larvae are grown in the bed for 21 days. Three bins
are filled with larvae and each bin of larvae gets 1 liter of chicken feed mixed with water
per day.
2.5 Spinning during feeding
To investigate how puppies pinwheel during feeding, we first look at the numerous Youtube
videos of the phenomenon on Youtube. The list of 24 videos used is given in Appendix
2. We measure the frequency of revolution in revolutions per minute by watching a puppy
in each video frame by frame and noting the time it takes for the puppy to complete a
revolution around the food bowl, and then converting to degrees per second. The number
of puppies around the bowl in each video is recorded.
The Robotarium model consists of twelve robots that are all programmed to go to the
center of the arena at a constant speed. A circular boundary around the center of the
arena is used to represent the edge of the food bowl. When the robots reach this boundary,
they update their target so as to keep moving forward and rotate to avoid collisions with
the boundary. This, combined with the built-in collision avoidance mechanism, causes the
robots to rotate around the center.
The Bristlebot model uses HEXBUG Nano robots (www.hexbug.com). We 3D print
three bowls for the robots to spin around, with three different angles. The bowls are shown
in Figure 2.5.1 with dimensions.
In experiments with Bristlebots, from 1 to 19 bots are turned on, placed in the bowl,
and recorded with a Sony Handycam for one minute. In the resulting videos, one robot
is tracked in polar coordinates with the free software Tracker from Physlets.org for one
revolution. Its rotational speed ω is calculated with a best fit line as a representation of the
average speed in the container. This is done in each bowl three times, resulting in three plots
of angular velocity vs. time for each angle. Then, the MATLAB curve fitting tool is used to
fit a logistic function to each of the trials. As the robot speeds could have changed due to
their battery levels depleting, the three sets of trials in each bowl are analyzed separately.
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Figure 2.5.1: Bowls used for Bristlebot experiments.
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Now we turn to the theoretical methods that we used for modeling how much larvae




In this chapter, we describe the theoretical models used to study fly larvae: our model for
eating rate, methods for simulating larvae piling in corners of containers, and simplified
model of cooling with aeration.
3.0.1 Mathematical model of eating rate
In this section, we present a mathematical model for eating rate of groups of larvae. The
mass M of food eaten is measured following a feeding time t. While experiments make
instantaneous eating rates dMdt challenging to measure, we can make a single measurement
of M , thus we report the average rate of eating during this duration as dMdt , which for
simplicity we will refer to as dMdt .





As a consequence, the average eating rate of a larva will depend on the duration given. If
the instantaneous eating rate is ηinst, then across long times, a larva will eat at a lower
average eating rate η:
η = Rηinst, (6)
due to the breaks it takes between meals.
When considering a group of N larvae, the average rate of eating depends on the number
in the group. We divide group sizes into three regimes. First, we consider the regime where





is defined as the number of larvae that can fit themselves around the food item of surface
area S according to a random close packing. We assume that a larva’s face has an elliptical
cross-section, w = 4.3 mm wide by h = 3.2 mm tall, and that larvae are packed at φ = 0.895,
the maximum packing fraction of ellipses.72
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In this regime, the eating rate increases in proportion to the number of larvae:
dM
dt
= ηN if N < Nmax, (8)
since each larvae has access to the food. This regime ends when the larvae exceed the
number of spaces Nmax around the food. In the limit of many larvae (N  Nmax), hungry
larvae push away any larvae that are not eating. Thus, the slots around the food are always
filled, and food is being eaten continuously on all sides. In this case, the rate at which food
is eaten per larva increases to ηinst =
η
R . The eating rate of the group in this regime is:
dM
dt max
= ηinstNmax if N  Nmax (9)
where the condition for this regime will be clarified after consideration of the following
intermediary regime.
Between the regimes with few and large numbers of larvae is an intermediate regime.
Here, the larvae collectively generate a flow of Q larvae per minute towards the food. For
simplicity, we neglect larvae leaving the eating region and assume that the inflow increases
the eating rate according to a linear sum:
dM
dt
= η(Nmax +Qτ) if Nmax ≤ N ≤ N ′, (10)
where τ = 5 minutes is the duration of the feeding for this number of larvae (N > 500
larvae). This increased in eating rate is bounded from above by the maximum possible
eating rate ηinstNmax given in Eq. (9). Using Eq. (10), the number of larvae N
′ at which







a value that can be calculated from our experiments.





ηN if N < Nmax
η(Nmax +Qτ) if Nmax ≤ N ≤ N ′
1
RηNmax if N > N
′,
(12)
where we report dM/dt and η in the units of grams per hour.
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3.0.2 Simulations of larvae aggregation in corners
Modeling fly larvae aggregation was done with the help of Ahmad Omar and John Brady,
and this section was written by Ahmad Omar. We apply a minimal micromechanical model
for larva dynamics that can qualitatively reproduce our experimental observations. To this
end, we turn to a model for active dynamics that has been used throughout the literature73,74
which we briefly describe here. Within this model, each active particle exerts a constant
self-propulsive force Factive = ζU0q in a direction q in order to move at a speed U0 in a
medium of resistance ζ. The particle orientation q undergoes random reorientation events
that result in a characteristic reorientation time τR and run length (the distance an isolated
particle travels before reorienting) of U0τR. We use a hard-disk interparticle force F
HD
i to
keep the particles (2D disks of radius a) from overlapping in our simulations75,76.
To model the geometry of the larvae, we linearly bond “passive” (no activity) beads
to the active particle such that the active particle serves as one of the ends of a single
oligomeric unit (see inset of Figure 6.1.4(b)). We link 4 discs together to form a single
larva because the biological larvae have an aspect ratio of L/w ∼ 4. The disks are connected
with simple harmonic bonds with a spring constant K = 82.5F active/a and rest length of
r0 = 1.1 particle diameters such that bonded particles i and j separated by a distance
rij experience a force F
bond
ij = −K(rij − r0). We fix the total number of larvae to be 50,
which are fewer than those in our experiments, but the largest number we could compute
with our computer performance. Finally, we include a gravitational force FG acting in the
negative y-direction with a magnitude of g: FG = 18Factive) (see Figure 6.1.4(a) for the
definition of coordinate axes ). The strength of gravitational force is much greater than the
magnitude of the active force (e.g., g  ζU0). Hard-wall boundary conditions are enforced
in all directions and the box dimensions are set to 62 particle radii (or 7.75 larva lengths) in
the x-coordinate and 80 particle radii (8 larva lengths) in the y-coordinate. In comparison,
our experimental setup has dimensions of 7 by 7 larvae lengths.
With the forces now defined, we turn to the equations-of-motion for our particles. The






wall − ζUi = 0 where FHDij is interparticle force from particle j, Fwall is
the force exerted by the boundary on the particle, and Ui is the instantaneous particle
velocity. The active force Factivei is identically 0 for all particles excluding the “head”
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particles. The orientation dynamics of the active (or head) particles similarly follow an
overdamped Langevin equation LRi − ζRΩi = 0 where Ωi is the angular velocity of qi, LRi
is the random reorientation torque and ζR is the rotational drag. Note that the orientation
of the head particle q is entirely controlled by rotary diffusion and does not depend on,
for example, the bond vectors, interparticle forces, etc. Further note that the rotational
drag has no dynamical consequences as we can rewrite the angular equation-of-motion as
L̃Ri − Ωi = 0 with a redefined torque L̃Ri which has white noise statistics L̃Ri = 0 and
L̃Ri (t)L̃
R
j (0) = 2δ(t)δijI/τR where δ(t) and δij are Dirac and Kroneker deltas, respectively.
These orientation dynamics give rise to a rotational diffusivity τ−1R that need not be thermal
in origin. The run length of the larvae in free space, U0τR/a, is set to 100. We emphasize that
these equations of motion are entirely athermal as we do not include (thermal) Brownian
motion as in traditional active Brownian particle models.
3.0.3 Model for larva cooling
We calculate the rate at which larvae are cooled by aeration using a lumped capacitance
model. The lumped capacitance model assumes that the temperature of the solid (or larva)
is uniform as the larva being cooled is small enough that conduction through the larva is
far faster than convection. Convection is assumed to be the primary mode of heat transfer
between the larva and air. The temperature is therefore only a function of the time t. A
model of a larva surrounded by airflow is shown in Figure 7.2.1(c). In this model, we
assume that an individual larva at temperature Ti is surrounded by airflow at temperature
T∞ and a velocity that is to be calculated with the Ergun equation. The larva has a mass
M, heat capacitance c, and heat conductance kL, estimated for typical values for tissue
77–79.
An energy balance on a larva shows that the energy being transferred from the larva to its
surroundings is equal to the energy change in the larva:
−Ėout = Ėlarva. (13)
We then find the rate of change of energy in terms of heat transfer properties. The rate of
change of energy due to convection is controlled by the heat transfer coefficient, h, the area
of the larva exposed to the air flow A (the surface area of an ellipsoid), and the temperature
difference between the larva and the surrounding air. That balances the rate of change of
energy in the larva:
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To find the convective heat transfer coefficient h we use the Churchill and Bernstein
correlation with a low Reynolds number approximation81 for slow flow around a small larva
in the aerating bed:






where the Reynolds number is calculated based on the air density ρ, air speed around the
















and we can solve for the temperature at any time with Equation 15. This expression will





where Lc is the distance to a larva’s center (half its width).
The only thing left is to estimate the airflow speed, V . We know that this speed is low,
since we keep the fan on a low setting so as to not fluidize the larvae. We can estimate it
using the Ergun equation82, which calculates the pressure drop of a fluid through a packed
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bed based on the volumetric flow rate of an empty bed, the fluid properties, and particle
properties. This equation states that the pressure drop, ∆p in a bed packed with particles










where ε is the void space in the bed (volume fraction not taken up by larvae or substrate),
ρ is the air density, U0 is the air speed if the bed was empty, and dpart is the diameter of the
particles in the bed. We estimate the void space to be ε = 0.4, and the particle diameter
dpart to be the diameter of a sand particle, as more of the bed is filled with substrate than
with larvae in most of our trials. However if the bed is to be mostly filled with larvae so as
to not waste space, this number can be adjusted.
To estimate the air flow through the bed, we use the power provided by the fan’s
specifications. The power of a flow is83:
P = V A∆p. (23)
We calculate the pressure loss due to fittings in an empty bed by calculating the pressure
loss due to the fittings on the bed (a cone reducing the 12 inch diameter fan to a 3.75 inch






Where the friction factor f is estimated for a smooth pipe and the Then, knowing the inlet
power and flow rate of the fan without any fittings, we use equation 23 to estimate the





To calculate the velocity of the fluid surrounding a larva, we take the area of airflow to be
Avoid = Abedε
3/2 to convert the volume fraction ε to an area fraction. The air speed through





However, in practice, it is much more useful to control the air speed into the bed with
a voltage regulator on the motor rather than attempting to calculate the precise speed
necessary for cooling. This model is a simple estimate of cooling. We use distribution of the
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sizes of larvae and sand particles in the bed, the packing fraction, and any other losses, as
fitting parameters and adjust them so that the model fits the actual pressure in the bed. To
get a better estimate of air flow through larvae and the cooling resulting from it, a detailed
3D CFD model can be done. Parameters such as the heat conductance and capacitance of
a larva, he void space, and the distribution of particles in the bed should be measured. The
aerating properties used in this calculation are given in Appendix 1, Table 3 and 4.
In the next chapter, we will present our results on how black soldier fly larvae eat in
large groups and make use of the available space around a piece of food.
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CHAPTER IV
BLACK SOLDIER FLY LARVAE FEED BY FORMING A FOUNTAIN
AROUND FOOD
In this study, we investigate how larvae consume food so quickly in large groups. We present
our experimental results, including observations of single larva feeding, PIV tracking of larva
groups, and measurements of eating rate, and then discuss some implications of our work.
4.1 Individual larva behavior
We begin by studying a single larva, shown in Figure 1.1.1(a). A larva’s body is wedge-
shaped, ending in a darkened triangular “beak” that is 0.4 mm long. The beak contains
maxillae, spiracles, and a mandibular brush, shown in Figure 4.1.1(a). In our assays of
single larvae exposed to food, we find that 30% of larvae abstain from eating: these larvae
do not touch the food but instead walk around the perimeter of their container. This may
be due to their life stage or some other property we could not discern visually.
A single larva eats sporadically, as shown in the time course of eating in Figure
4.1.1(b). During an hour duration, larvae eat in bursts of 5 ± 8 minutes (N=7), and
then take 5 ± 10 minute breaks. The standard deviation shows that eating behavior is
highly variable. We calculate the resting time, defined as the ratio of eating time to total
time, as in Equation (5), to be R = 0.44± 0.27.
A larva mouth consists of a pair of moving parts called maxillae, as shown in Figure
4.1.1(c). They are driven in a dorsal-ventral motion, with the time-course of their position
given in Figure 4.1.1(d). We plot sinusoidal best fits to the positions y of the maxillae
over time t for four cycles of raising and lowering:
y = A sin(ωt+ ϕ). (27)
The average amplitude of the motion is A = 0.11 mm and the average frequency is ω = 27
rad/s. The phase difference between the maxillae is 0.63 rad, or 36◦.
The maximum speed of the maxilla is then the maximum of the derivative of the best
fit in Eq. (27) at v = Aω. The shear rate of a maxilla, γ̇, may be written as the velocity v
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Figure 4.1.1: a. The mouth of a black soldier fly larva. The mouthparts are: A – spiracle;
B – maxilla; C – maxillary palp; and D – Mandibular brush. b. A time course of larvae
feeding behavior for 60 minutes. 1 – eating; 0 – not eating. c. Motion of the larva’s mouth
in high speed showing asynchronous raising and lowering of its maxillae. Maxillae are traced
with dashed lines to highlight their position. d. Tracks of four periods of maxillae motion
showing a periodic raising and lowering, with solid lines as sinusoidal best fits.
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The average shear rate of the maxillae is γ = 14 1/s. We surmise that this high speed
motion helps the larva to slice off pieces of food before the larva is pushed away by the
other larvae crowding around a piece of food.
Using a scanning electron microscope with an attached energy dispersive x-ray spec-
trometer, we find small amounts of calcium, 0.49% by weight, in the mouth part, which is
not present in the rest of the head of the larva. The composition of the larva’s mouth and
head are given in Table 1. The calcium in the mouth part can increase its hardness so it
can bite through tough foods.
Table 1: Larva composition determined by EDS








Ca 0.49 Not detected
Zn 0.04 0.05
4.2 Particle image velocimetry (PIV)
Larvae are initially spread in an even layer surrounding the orange slice and proceed to
gather around the slice over the first 5 minutes of the experiment. We start our PIV
averaging at 8.3 minutes to be certain that the region is close to steady-state. A photograph
of 3500 larvae forming a pile to feed on an orange slice near the end of an experiment is
shown in Figure 4.2.1(a). The pile is roughly conical, eight larva heights tall at the tip
and 40 larva heights wide.
Filming from the top and bottom yields the views in Figure 4.2.1(c). The naked
eye sees that larvae move randomly, especially in the top view, but PIV can detect a
coherent flow direction. In the top view in Figure 4.2.1(d), larvae form a radial outflow.
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Figure 4.2.1: a. Side view of larvae eating an orange slice by building a flowing fountain of
larvae around the food.b. Schematic of larva motion around an orange slice. c. The region
of flowing larvae, seen from above and below, respectively. d. Velocity fields associated
with the views in part c. They are calculated using PIV and averaged over 2,000 seconds.
The center is not analyzed as it contains the orange slice.
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In the bottom view in Figure 4.2.1(d), the larvae form a combination of a vortex and
an inflow. The vectors are averaged over 2000 seconds, and their length indicates their
relative magnitudes. The average velocities on the top and bottom layers are comparable
in magnitude, on the order of 0.1 mm/s or 0.007 body lengths per second, but much of this
is part of the vorticity around the orange slice. Moreover, this speed is 20 times slower than
the unimpeded speed of a single larva in a petri dish, 2 mm/s. The divergence and vorticity
on the top and bottom layer are comparable in magnitude as well. The vorticity of the
larvae on the bottom layer is negative of that from the top, as it is filmed from below and
the axis is reversed; the entire aggregation of larvae therefore spins in the same direction.
Based on the top and bottom views, we surmise that physical picture is a fountain of
larvae that are pumped inward and upward, as shown in the schematic in Figure 4.2.1(b).
Larvae flow in from the bottom and flow out only on the top layer while the entire mixing
region spins. In other words, net motion only occurs on the boundaries, the free surface
and the substrate beneath the larvae. The details of the calculated velocity and other
parameters for the top and bottom layers are shown in Table 2.
Table 2: Larva flow properties derived from PIV
Property Top Bottom
u , Average speed (mm/s) 0.09 0.07
∇× u, Vorticity (1/s ×10−3) 0.9 -0.6
∇ · u, Divergence (1/s ×10−3) 1.4 -1.7
Area (cm2) 80 60
Snapshots from experiments using 500 to 10,000 larvae are shown in Figure 4.2.2(a-e)
on the left. Larvae primarily gather around the orange and in the corners of the container.
Watching the videos with a naked eye shows that a well-defined mixing region is present.
The average speed of larvae outside the mixing region and away from the corners is 0.05±
0.006 mm/s, calculated for the 10,000 larvae experiment. Using the minimum velocity
threshold of 0.125 mm/s, we define the mixing regimes precisely using PIV, shown by the
regions highlighted in red surrounded by a dashed border in the right column of Figure
4.2.2(a-e). The mixing region is not perfectly round and can be off center, as shown for
1000 larvae in Figure 4.2.2(b). Higher numbers of larvae result in larger mixing regions.
There is a very small region with 500 larvae in Figure 4.2.2(a), while 10,000 larvae cover
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Figure 4.2.2: Images of the larvae and food after 33 minutes next to the corresponding
time-averaged velocity fields, with the mixing region selected. a. 500 larvae b. 1000 larvae
c. 3000 larvae d. 5000 larvae e. 10,000 larvae. f. The relationship between number of larvae
and their flow rate. 40
the entire container floor in Figure 4.2.2(e). Larvae also form outflows in the corners of
the container similar to the outflow from the orange.
The relationship between the flow rate and group size is shown in Figure 4.2.2(f). We
estimate the flow rate by assuming that the inflow or outflow occurs over a layer depth of
one larva height (3.2 mm), as in Eq. (1). The flow rate increases linearly with number of
larvae for 1000 and more larvae, as in Eq. (2): Q = 0.0075N + 64.337, R2 = 0.6013. This
relationship will be used in our mathematical model where we estimate feeding rate.
4.3 Eating rate as a function of group size
We feed orange slices to larvae groups across four magnitudes in numbers, from 10 to 58,000.
Figure 4.3.1(a) shows an experiment with a simultaneous test of 1, 10, 100, 200 and 500
individuals. In the containers with 500 larvae, the orange slice is not visible because it is
buried by larvae after 10 minutes of the experiment. In the containers with a single larva,
the larva lays hidden under the orange slice, and so that data point is not used.
Larvae rotate the orange slice as they consume it, but this rotation is bounded by the
walls of the container. Figure 4.3.1(b) shows the relation between number of larvae N
and their eating rate dM/dt. By plotting linear best fits to the small (N ≤ 500) and large
(N ≥ 1000) numbers of larvae, we find they intersect at N0 = 1300 larvae.
We use the properties of the orange slice, individual larvae, and larva flow rates to model
the eating rates of these larvae in three regimes, as in Equation (12). Based on the surface
area limit in Equation (7), if a larva’s head is w = 4.3 mm wide by h = 3.2 mm tall, then
the maximum number of larvae that can eat an orange with a surface area S = 4067 mm2
at one time is Nmax ∼ 337 larvae. This prediction for Nmax is 1000 larvae below the
experimentally found N0. This is in part due to the calculation for N0 not accounting for
mixing of larvae, which allows more larvae to access food. Additionally, the experiments
at higher numbers of larvae were done at higher temperatures, yielding higher eating rates
(rather than increasing the number of larvae that can fit around food). Finally, there is a lot
of scatter in the data at higher numbers of larvae, which may contribute to the discrepancy
in N0.
The average eating rate of one larva eating an orange is η ∼ 0.03± 0.02 grams per hour
(based on 10 larvae data). Using our data on individual larva eating behavior from single
larva experiments and values for Q from the PIV experiments, we can calculate the threshold
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Figure 4.3.1: a. Experimental setup to measure eating rate of larvae. b. Relationship
between eating rate and number of larvae. Dots are experimental data points and dashed
line is the model.
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when the larvae mixing does not yield any additional eating, N ′ ∼ 2850 larvae (Eq. (11)).
The eating rates of larvae are estimated by Equation (12) plotted alongside the experimental
data as dashed lines in Figure 4.3.1(b) and matches the experimental trends. Thus,
the “fountain” that larvae form around food increases their eating rates to a theoretical
maximum, reached when there are N ′ larvae in the container. The eating rate model is
an underestimate of the actual eating rates with many larvae, likely due to the higher
temperatures that experiments with large numbers of larvae were performed at.
Larvae can consume oranges very rapidly. If a larva weighing 0.1 g eats an orange slice
at a rate of η ∼ 0.03 grams/hour and is not limited by surface area, it will eat 6.5 times
its body weight per day. This is on the same order of magnitude as the approximately 2
body weights per day they eat in chicken feed.1,14 Oranges, which contain more liquid than
chicken feed, can be consumed by larvae more quickly.
4.4 Discussion
When larvae are raised in industry, their food is blended and then mixed with the larvae
aggregation to avoid the surface area limit and allow most larvae to eat to their maximum
capacity. However, food pieces cannot be perfectly distributed between all larvae. Reducing
the number of larvae in a bin and increasing the surface area of food pieces can help increase
how quickly larvae eat food, leaving less to rot because larvae cannot access it.
The “fountain of larvae” is not be possible for other animal species. Larvae crawl on top
of one another to access food, while cattle and other land animals do not to avoid hurting
one another. Fish in schools avoid touching each other, while larvae touch one another
constantly, and in fact do not like to be isolated. The feeding behavior of other animals
is affected by their social hierarchy,32,33 while larvae do not have complex social dynamics.
Thus, fly larvae are unique among scavengers in their group feeding abilities.
4.5 Chapter summary
In this study, we investigate how groups of black soldier fly larvae feed. The number of
larvae that can feed is intrinsically limited by the surface area of food, around which only
limited numbers of larvae can fit. Moreover, larvae that are eating take frequent breaks,
blocking others from accessing the food. Groups of larvae overcome these two problems
by generating fountains around food, where new larvae crawl in from the bottom and are
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“pumped” out of the top. We present a mathematical model that predicts the rate of eating
as a function of group size, taking into account the pumping action.
Now that we know that the piles of black soldier fly larvae around food allow more
larvae to reach food, we are interested in finding out what is happening inside the pile. Are
the larvae hurting one another in their competition for a bite of food, or are the collisions
that occur inside the pile harmless? How do the larvae on the floor react to the weight of
the larvae above, and how would they react to a kilogram of food suddenly dropped on top
of them? How tightly can the larvae be packed for shipping? To answer these questions, we




BLACK SOLDIER FLY LARVAE REARRANGE UNDER
COMPRESSION
In this chapter, we investigate how larvae consume food so quickly in large groups. We
begin by describing the natural settling behavior of larvae. We then discuss the steady-state
pressure reached by live and dead larvae under compression at varying packing fractions.
Then we discuss the time-dependent properties of their relaxation as a stretched exponential
material. Finally we discuss implications of our work.
5.1 Results
The jostling of live larvae in a jar causes them to settle, subjecting their bodies to greater
compression. Figure 5.1.1(d) shows larvae when they are initially placed in a 400 mL
beaker at a volume fraction of φ = 0.55. Figure 5.1.1(e) shows them having settled after
6 minutes to a volume fraction of φ = 0.61. Larvae move around and rearrange during
this process. Their bodies, initially horizontal, align vertically as they crawl downwards
and become more closely packed. To quantify the response of the larvae to pressure, we
conduct creep tests with a universal testing machine (UTM). Larvae rearrange and settle
in the UTM in a visually similar manner to their settling in the beaker, as shown in the
schematics in Figure 5.1.1(b) and Figure 5.1.1(c). Dead larvae also rearrange due to
applied pressure but at a slower rate than their live counterparts.
Figure 5.1.2(a) shows the time course of the pressure exerted by dead larvae (dashed
lines) and live larvae (solid lines) when compressed to four different volume fractions. There
is an initial spike in pressure for both dead and live larvae, and then the pressure settles to
an equilibrium over time. Figure 5.1.3(a) and Figure 5.1.3(b) show the time course of
pressure for dead and live larvae at a volume fraction of 0.80. The red dashed lines are a
stretched exponential fit:
P = (P0 − PSS)e−(
t
τ
)β + PSS , (29)
where the boundary conditions are set by initial pressure P0, measured from the experi-
ments, and the added term is the steady-state pressure PSS , calculated by the average of
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Figure 5.1.1: a. Image of live larvae being compressed to φ = 0.80. b. Schematic of
larvae in the UTM before compression. c. When larvae are compressed by the UTM, they
rearrange and exert a pressure P on the plate. d. 2000 larvae with an average mass of 0.07
g when they are initially placed in 400 mL beaker, at volume fraction φ = 0.55. e. After
6 minutes in the beaker in (d), larvae self-compress to volume fraction φ = 0.61. The red
dashed line in (d) and (e) across the 250 mL mark shows that larvae settle from 250 mL
over time.
the last 100 seconds of the trial. We construct similar plots for volume fractions φ = 0.56
to φ = 0.80, but not for the lowest volume fraction φ = 0.56 for the live larvae because
the larvae are not fully touching the plate and a failed fit occurs due to an inconsistent
pressure. The inset in Figure 5.1.3(b) shows the time course of pressure of live larvae
at volume fraction φ = 0.57, in which the pressure initially dips below steady-state. The
stretched exponential does not fit the live larvae well for low volume fractions such as the
one shown in the inset. Nevertheless, it provides a useful quantitative comparison between
relaxation of live and dead larvae. Specifically, we will compare the variables defined in Eq.
(32), including the initial pressure P0, the relaxation time τ , and the exponent β found by
least square best fit.
At the highest volume fraction of φ = 0.80, live and dead larvae have comparable initial
pressures (P0 = 6.5 kPa for live larvae and P0 = 4.0 kPa for dead larvae). These pressures
are two orders of magnitude smaller than the pressures required to kill larvae, as shown in
the inset of Figure 5.1.2(a). In our experiments, a larva can withstand a pressure of up
to 935 ± 350 kPa and be compressed by a strain of 75% ± 2% of its initial height. This is
more than 140 times greater than the maximum pressure experienced by the larvae in trials
with 2000 larvae. Assuming a bulk density of compost of 500 kg per cubic meter84, a 190
m tall pile of compost would need to be piled on a larva to kill it; the maximum pressure in
our compression tests with multiple larvae is comparable to a 1.3 m pile of compost. Thus,
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the pressures experienced by larvae in the UTM are likely higher than pressures they would
experience in their natural environment.
Figure 5.1.2: a. Comparison of time series of pressure of dead larvae (dashed lines) with
live larvae (solid lines) at increasing volume fractions. Inset: stress-strain curve of five single
larvae individually compressed to 40 N until the larva bursts. b. Steady state pressure of
dead larvae (circles) and the best fit for φ > 0.65 (dashed line), live larvae (points) and the
best fit for φ > 0.65 (dash-dot line).
The steady-state pressures PSS of dead larvae (circles) and live larvae (points) at four
volume fractions is shown in Figure 5.1.2(b). At volume fractions above the critical
volume fraction of φc = 0.65, steady-state pressure increases rapidly, likely due to jamming
and friction85,86. We thus fit a power law to the data for φ > φc of the form
PSS = a(φ− φc)b. (30)
The dashed and dashed-dotted lines are fits for dead and live larvae, respectively, and the
corresponding equations are PSS = 11.4(φ − 0.65)1.26 and PSS = 4.1(φ − 0.65)0.88. As
shown by the positive exponents, the steady-state pressure increases with volume fraction.
This makes sense because the higher the volume fraction, the more the larvae are filling the
container and the more elastic energy is stored during the test. The increase in pressure
at higher volume fractions (and, thus, higher strains) for both live and dead larvae is as
expected for a material under compression, but does not follow Hooke’s law with a constant
modulus E, P = Eε, because of the spaces between the larvae. They also do not they fit
an ideal gas law, which would yield a fit of PSS ∼ φ. Nevertheless, we can say that dead
larvae are “stiffer” than live larvae because at a given volume fraction, dead larvae exert a
47
20% higher pressure than live larvae, due to their not being able to move to dissipate their
internal stress.
The relaxation time τ for live and dead larvae is shown in Figure 5.1.3(c) by the
points and circles, respectively. The relaxation time gives the time scale at which stresses
are relieved by rearrangement. In particular, live larvae relax quickly, in τ = 1.7 ± 1.4
seconds. This time scale is less than the time scale of their motion, τb = 7 seconds, given
by the ratio of their length L = 14 mm and crawling speed U = 2 mm/s. This makes sense
because larvae likely need to move only a small amount in order to break the force chains
stretching from the top to the bottom of the container. Dead larvae, on the other hand,
take between 15 and 45 seconds to relax, ten times slower than live larvae. Their relaxation
time decreases as a power law with the volume fraction, τ ∼ φ−2.8, as shown by the dashed
line. The stretched exponential form, consistent with the behavior of other relaxing systems
(e.g. binary mixtures), indicates an underlying mechanism that is characterized by a broad
distribution of relaxation times rather than a single time87. The power-law decay with
volume fraction therefore represents the evolution of this distribution with volume fraction.
While we do not have a specific interpretation of the power-law behavior (as opposed to
other functional forms), we note that power-law scaling of the time scale is seen in other
relaxing systems87. Dead larvae at higher volume fractions can relax more quickly due to
the greater elastic potential energy at these levels of compression.
The stretched exponential fit does not well describe the behavior of live larvae. In
Figure 5.1.3(b) at the highest volume fraction of φ = 0.80, live larvae overshoot the
equilibrium pressure by 0.8 kPa at a time of 22 seconds by compressing their bodies too
little. This behavior might be due to some kind of flight or fight reaction due to the applied
force. On the other hand, when larvae are compressed to one of the lower volume fractions,
φ = 0.57, the pressure decreases below the equilibrium before ramping back up as shown
in the inset of Figure 5.1.3(b). This may be caused by larvae not contacting the entire
pressure plate at all times. Such oscillations might be accounted for by spring-like and
damper-like terms in the sensory system of the larvae, and possibly their memory span.
We verify the relaxation times of live and dead larvae by calculating the time it takes
live and dead larvae to reach 50% of steady state pressure, shown in Figure 5.1.4. This
“half-time” of live larvae is 1.2± 0.4 seconds; it decreases with a power law, φ−2.6, for dead
larvae. These results are comparable to those calculated with stretched exponential fits.
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Figure 5.1.3: a-b. Time course of pressures exerted by dead larvae (a) and live larvae
(b) when compressed to φ = 0.80. Inset of (b): Time course of pressure of live larvae
with stretched exponential fit when compressed to φ = 0.57. Pressure data is a solid black
line and stretched exponential fit is dashed red line. c. Relationship between relaxation
time τ and volume fraction with a dashed line as the best fit to the dead larvae data. d.
Relationship between exponent β and volume fraction. For c-d, dead larvae data are are
shown as circles and live larvae data are shown as points.
In Figure 5.1.3(d), we compare the exponent, β, defined in Eq. (32), for live and dead
larvae. Most physical systems have β < 1, which acts to slow the decay of the exponential by
stretching it across longer times. Studies of crumpled balls of aluminum foil are associated
with a β of 0.24-0.4043. As shown by the open points in Figure 5.1.3(d), dead larvae
have a β = 0.36± 0.02, whose small standard deviation shows that the fit works well across
volume fractions. The similarity in exponents for crumpled paper and the collection of
larvae suggest that piles of dead larvae may have some hierarchy involved, such as the force
chains resulting from their bodies pressing into one another. When live larvae are fitted to
a scaled exponential function, they have a more variable β = 0.42± 0.29. The large range
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Figure 5.1.4: Time to halfway to the steady-state pressure for live larvae and dead larvae
shown by points and open circles, respectively. The dashed line represents the best fit to
the dead larvae data, which scales with φ−2.6.
of β for live larvae is likely due to the motion of the larvae, which can vary between trials.
Dead larvae are merely a granular material and can only relax the pressure on them
through their material properties. Live larvae, however, are able to relax the forces on them
by moving around and actively adjusting their bodies. The fluctuations above and below
the equilibrium pressure show that they have mechanisms for restoring a base state despite
a pressure being too high or too low. If the pressure on the larvae is too high, they move
into open spaces to relieve pressure. Conversely, if the pressure is too low, larvae can push
up against the plate and each other to increase the pressure. The scale of the fluctuations is
0.007 kPa, which is 38% of the pressure exerted by one larva body weight. In comparison,
the dead larvae in Figure 5.1.3(a) show a smooth decay without fluctuations, indicating
they can only dissipate the pressure but not increase it.
5.2 Discussion
Larvae are just one example of many living systems that undergo compression on a regular
basis, from people to farm animals to other insects. A Tokyo subway system can pack pas-
sengers so tightly that a dedicated pusher has to squeeze them in to close the doors. When
given a choice, most vertebrate animals avoid such high densities because their bodies can
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be injured. Nevertheless, to reduce shipping costs we often pack animals in high densi-
ties. When transported, pigs, chickens and other farm animals are often packed tightly and
keeping them alive in these conditions is a challenge faced by farmers all over the world88,89.
Invertebrate animals are not governed by animal welfare laws, and they often experience
large forces on a regular basis. Genetically modified mosquitoes for use in reducing malaria
are packed densely in syringes to protect them from being thrown around during shipping90.
An ant can survive up to hundreds of times body weight before injury91. If forces are
applied, ant aggregations can flow to dissipate those forces, exhibiting behaviors of both
fluids and solids92,93. Earthworms have soft bodies and are compressed as they dig, exerting
forces up to 500 times their body weight. The mechanical properties of their bodies limit
how well they can dig into soil94,95. This study provides a method for measuring the
rearrangement of animals that might be applied to other types of invertebrates.
Black soldier fly larvae can experience forces due to the weight of mulch or fellow larvae
on top of them. Our study shows that larvae can mitigate these forces by rearranging, even
when the forces are orders of magnitude higher than would occur naturally. Moreover, the
force that a single larva can survive exceeds body weight by a factor of 53000. Unlike inactive
materials, their behavior under compression over time can have interesting characteristics.
They exert both small oscillations, individually pushing against the pressure plate to exert
low forces, and large oscillations in which they collectively increase or decrease their force
before returning to equilibrium. This is reminiscent of a control system with a feedback
loop, which can actively respond to external forces to reach the desired state, as opposed
to a simple mass-spring-damper, which can take longer to converge.
Our study shows that larvae are very robust to packing. It should be possible to tightly
pack larvae for shipping without damaging them. Currently, larvae are loosely packed with
soil or other substrate in HDPE plastic containers with tight lids. Shipping costs may be
lowered by omitting the substrate and packing the larvae more tightly. However, since the
pressure at higher volume fraction is close to 1 kPa, it may be difficult to design a container
with a lid that can be closed tightly enough to hold compressed larvae.
5.3 Chapter summary
In this study, we performed compression testing to measure the rate that black soldier fly
larvae rearrange to relieve applied pressure. The pressures applied are orders of magnitude
51
greater than they would feel naturally, yet larvae still had the ability to rearrange to reduce
this pressure. Live larvae rearranged at time scales of 2 seconds, 9 - 27 times faster than dead
larvae, which settled more slowly due to applied pressure. The equilibrium pressures of both
live and dead larvae are the same, indicating that live larvae do not seek pressures different
from those that arise from their material properties and geometry. For dead larvae, the
reduction of applied forces due to rearrangement is well described by stretched exponential
functions. Live larvae are not as well described by such functions, but instead seemed to
be characterized by oscillation in pressure, indicating the presence of a feedback system.
Studying the feeding fountain of fly larvae helped us understand their properties as an
active fluid naturally forming a source and sink at food. Compressing larvae and measuring
their creep response gave us insight into their bulk properties as an active material. For
the next chapter, merely measuring the average properties of larvae does not explain their
motion. We will examine how fly larvae pile up in the corners of rectangular bins, and then,
without any obvious warning, switch to the other corner. To understand this, we will have
to examine the bulk properties of the larva pile as well as the motion of individual larvae
in the container in the next chapter.
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CHAPTER VI
SYNCHRONIZING PILE FORMATION OF BLACK SOLDIER FLY
LARVAE
In this chapter, we present our experiments quantifying the motion of hundreds of larvae
confined to two dimensional bins using center of mass measurements and then particle
image velocimetry. We show how to drive the motion of the larvae with a vertical intruder
along each side wall. We then compare these experiments to a simulation in which larvae
are modeled as negatively buoyant flexible rods swimming through a fluid. Both result in
clustering in corners of the container, indicating that aggregation under confinement has
greater generality than just in black soldier fly larvae. Finally, we discuss the implication
of our results.
6.1 Results
We begin with control tests of the larvae, observing their ability to form piles without
external forcing. A swarm of larvae confined to a tall flat container spontaneously forms
piles and break them up, alternating between the left and right walls of the container. The
time lapse images in Figure 6.1.1(a) show one period of motion.
To characterize the time-scale of the formation of the pile, we track the time course
of the centroid of the swarm in Figure 6.1.1(b). Using 8 separate swarms of larvae, we
recorded N = 80 periods of this motion, and calculated a time between corners of 60 ± 32
minutes. A histogram of the time between corners is shown in Figure 6.1.1(c), and is





where f is the probability density, x is the random variable (the time between corners), α
is the shape parameter, β is the scale parameter, and Γ = (α− 1)! is the gamma function.
The gamma distribution is often used to model the distribution of times between events,
such as the distribution of rainfall or cell responses to drugs96,97. The scale and shape
parameters of the gamma distribution for the time for larvae to switch corners are α = 4.0
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Figure 6.1.1: a. Time series of larvae rearranging between corners. b. Sample time series
of centroid x-coordinate, with the times of maximum distance of center of mass from the
center marked as a black point. The time series is a 100 second moving average to dampen
out noise. c. Probability distribution of the time it takes larvae to go from corner to corner,
where the peak frequency data is the gray bins and the gamma distribution fit is the dashed
black line.
and β = 14.7. Although experiments are done on two separate days, the parameters for
each day are consistent, suggesting these values are repeatable.
To better understand the events that lead to the formation of a pile, we perform particle
image velocimetry. Figure 6.1.2(a) shows the larvae when they are fully aggregated into
one corner. Figure 6.1.2(b) shows time-averaged velocity vectors of the larvae. during
the piling process. As shown by the vectors on bottom right in the dashed region, incoming
larvae travel into the corner, then along the wall before piling up. A similar motion is
observed in the bottom left corner, opposite the pile.
We measure the center of mass of this experiment over time and compare it to the
results from PIV to confirm that larvae begin migrating to corner before the pile begins
to move. We calculate the average horizontal velocity of all the larvae. We then plot the
rolling average of the horizontal velocity over 1000 seconds next to the rolling average of the
position of the x-coordinate of the center of mass of the larvae over 1000 seconds in Figure
6.1.2(c). These signals are very similar - the horizontal velocity appears to peak before
the centroid position, indicating that the larvae start moving to a corner minutes before
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Figure 6.1.2: a. Sample frame with larvae with their rear ends colored red for tracking
taken 20.5 minutes after the start of filming. b. Vectors averaged over 3 minutes showing
motion around a corner, taken 8.2 minutes after the start of filming. Motion in dashed red
region causes larvae to pile up. c. Comparison of x-coordinate of the centroid (dashed red
line) and the average x-velocity in the container (solid blue line). Both the centroid and the
x-velocity are a rolling average of 1000 seconds to dampen out noise. Larvae begin moving
left 13 minutes before the center of mass shifts. d. x-velocity profile 7.5 minutes into the
experiment, when larvae are moving towards the right corner. Inset: Schematic of larva
motion into corner, with longer vectors corresponding to faster larvae. e. x-velocity profile
28.8 minutes into the experiment, when larvae are piled in the corner. Inset: Schematic
of jammed larvae. f. x-velocity profile 49.8 minutes into the experiment when larvae are
rearranging to the left corner. Inset: Schematic of larva motion as the pile breaks up.
Velocity profiles in d - e are taken from the motion of the larvae in the corner in a.
the pile is fully formed. To confirm, we calculate a cross-correlation of the two signals, the
peak of which occurs at 759 seconds, or 13 minutes. Thus, the horizontal velocity precedes
the centroid by 13 minutes and the mean time between corners is five times the lag.
We calculate velocity profiles from PIV at vertical slices to show that piling up is mostly
due to motion on the floor of the container. Figure 6.1.2(d-f) show profiles of the hor-
izontal velocity averaged over the rightmost 11 mm of the container, or 12% of its width.
If the experiment starts at a time of zero, these profiles are calculated at three instances:
at a time of 7.5 minutes (at the start of piling), 28.8 minutes (when the pile is stable), and
49.8 minutes (when the pile is sloshing to the other side). At the start of piling, in Figure
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6.1.2(d), the velocity profile shows the greatest speed at the bottom of the container. The
speed at the bottom is 8 mm/min whereas the speed in the middle of the aggregation is
2 mm/min. The greater speed at the bottom makes sense because larvae at the bottom
have a firm, flat surface on which to push and orient themselves along, compared to larvae
in the middle, which are pushing off other larvae. Larvae in the middle are also jammed
along their axis by the surrounding larvae, and are physically incapable of turning to move
horizontally. A schematic of the initiation of the pile in the right corner with larvae moving
on the floor is shown in the inset of Figure 6.1.2(d).
Figure 6.1.2(e) shows that when the pile is stable, the horizontal velocity is close to
zero. At this instant, the weight of the pile of larvae is so high that the larvae at the bottom
can no longer keep on pushing. The inset of Figure 6.1.2(e) shows a schematic of larvae
jammed and barely moving. When the larvae begin the next cycle in Figure 6.1.2(f) and
its inset, they reverse direction as shown by the change in sign of the velocity. Again, larvae
are the fastest close to the floor. We also observe larvae moving downwards along the side
walls in the video. This motion was not captured by particle image velocimetry, likely due
to the small size of the moving region along the side walls.
We thus obtain a new physical picture of the motion of the aggregation: the motion is
driven by the larvae along the bottom and side walls, and the remaining larvae are pulled
along with their motion. Note that many of the velocity profiles show fast motion at the
top of the container due to their ability to move in any direction. However, we do not think
the flows here dominate in the construction of the pile.
From particle image velocimetry, we find that horizontal motion precedes the breaking
up of the pile. We test this idea using foreign intruders, screws magnetically attached to
linear actuators outside the container, and driven through the pile. We drive the screw either
horizontally from corner to corner or vertically from the top of the container to the bottom.
We tried an 12 mm long M3 screw and a 25 mm x 13 mm x 5 mm rectangular prism magnet
laid flat on the bottom of the container. If the intruder was the large magnet, it suppressed
the pile breakup. This is because the screw acted as a physical obstacle preventing larvae
from easily crawling past it. Dragging a small (M3 x 12 mm) screw horizontally along the
bottom of the container yielded highly variable results, with the larvae either switching
corners as normal or not moving from corner to corner at all. We thus turn to experiments
with vertical motion of the intruder.
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We wait until larvae create a pile and then drag a larva-sized screw (M3, 10 mm long)
downwards along the side of the bin that they are piled in, as shown in Figure 6.1.3(a).
After five minutes, we drive the screw back up, but more quickly to minimize disturbance
of the pile. We perform the same process on the opposite wall of the container after
twenty minutes. The time course of the vertical position of the intruders are shown Figure
6.1.3(b), with the right intruder shown by the solid lines and the left intruder by dashed
lines. The horizontal position of the center of mass is shown in the Figure 6.1.3(c). Larvae
are placed in the bin at t = 0 min. At time t = 19 minutes, the first motion of the right
magnet does not seem to affect the larvae, and the larvae remain in that corner for two
hours. After 155 minutes, the larva pile begins to break apart and slosh from corner to
corner. After this initial transient, we begin our attempt to synchronize larvae motion to
the motion of the screws every twenty minutes. When the larvae are piled on the left side,
we drag the left screw downwards, which breaks up the pile and allows them to move to
the right.
We fit a sinusoid to the center of mass data using Matlab’s Curve Fitting Tool:
X = A sin(Bt+ C), (32)
where the amplitude A = 2.4%, frequency B = 0.14, and phase C = 1.6. The time between
corners is therefore half of the period of the motion, π/B = 21.8 minutes, which is well
synchronized with the period of the perturbation. This motion is far more regular than the
motion without the intruders, whose period followed a gamma distribution. Moreover, the
period of the perturbed larvae matches the period of the perturbation, which is one third
of the expected period without intruders. This shows that it is downward motion of larvae
chasing the intruder that causes larvae piled in one corner to rearrange to the other.
The time between the left screw reaching the bottom of the pile and the larva pile
breaking up is 15 minutes. We considered the pile breakup to be complete when the pile
had moved to the other side of the container, and there was a local maximum in the center
of mass position. Presumably, the 15 minute lag is the time that it takes for the larvae to
fill in the space made by the intruder and to reorient themselves to break up the pile.
By watching videos of the intruding screw, we can speculate how it triggers the motion
of the pile. The larvae are all initially jammed because they are all crawling in the direction
of a wall. The intruder creates a space near the wall. This space allows the larvae to
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Figure 6.1.3: a. Experimental setup to drag a screw vertically through the larva pile. b.
Tracks of vertical motion of magnets. Solid line is magnet on the right and dashed line
is magnet on the left. c. Center of mass of larvae (solid blue line) and sine fit (dashed
black line). The best fit curve starts at 155 minutes, when we begin driving the oscillation.
Previous motion of the screws does not affect larva motion, likely due to transient effects
in their arrangement.
reorient and face downwards. By moving downwards, and then along the bottom of the
container, the larvae trigger a process that allows more larvae to follow, facilitating the
complete disassembly of the pile.
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We close by demonstrating that active particles can also spontaneously generate and
break up piles. We simulate 50 larvae in a 2D container for 50τR, or 5 rearrangements
between corners. A time series of the motion is shown in comparison to the biological
larvae in Figure 6.1.4(a). Although the sloshing behavior of these larvae is not as visually
obvious as that of the real larvae in experiment, they do rearrange between corners. The
velocity vectors of simulated larvae as they rearrange are shown in Figure 6.1.4(b). In
this frame, most of the larvae are moving in the same direction. Figure 6.1.4(c) shows the
time course of the 5τR moving averages of the position of the center of mass of these larvae
and the horizontal velocity, showing similar behavior to that of the real larvae. The cross-
correlation shows that the simulated larvae begin moving 3.8τR before they rearrange. The
time scale of the simulation is due to the reorientation time of the larvae, which represents
their persistence to crawl forward before turning. The reorientation time of larvae was not
able to measured in our experiment. Thus we cannot quantitatively compare the experiment
to the simulation. However, our simulation shows that the mechanism behind the sloshing
behavior of larvae is likely caused by the physics of interacting active particles rather than
larval biology.
6.2 Discussion
In this study, we investigate the formation and breakup of piles of fly larvae. Piles are
confined to the wall of the container, and because of the two-dimensional nature of the
container, the breakup of a pile on one side is followed by formation of a pile on the
opposite side. Such oscillation is a common phenomenon of swarms in confinement. Flying
insects can exhibit oscillation, as shown by swarms of midges which can oscillate due to
the motion of a visual cue98. The resulting oscillating can give insight to the viscous and
elastic properties of the swarm, resulting from their aerodynamics and the communication
between the midges.
While the center of the pile is jammed, we observe that the floor of the pile has greater
mobility. In a previous study of larvae eating, we also observed larvae crawling towards food
on the bottom of containers, getting pushed up by the incoming larvae, and then falling
away from the food on the top of the pile. The cycle continues, which permits more larvae to
have access to the food; when the food is gone, the aggregation disperses48. This previous
work observed larva motion in three dimensions, which is more similar to their natural
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Figure 6.1.4: a. Sample frame from the simulation showing simulated larvae piling up in
a corner. b. Velocity vectors of simulated larvae. Inset: A schematic of our model system.
c. x-coordinate of the center of mass of the simulated larvae showing rearrangement from
corner to corner (dashed red line) and average x-velocity (solid blue line) showing that the
signals are similar (5τR moving averages).
habitat, large mounds of compost. The two-dimensional nature of the our study prevented
such continuous motion. Instead, the aggregation becomes trapped along an inedible wall
where there is no food to be found. When larvae are raised in rectangular plastic bins in
industry, walls like those in our study may cause stationary spots in the bin of larvae. When
the bin is fed, larvae far from walls can travel to the food. However, larvae near walls or
corners may remain trapped as we observed in this work. This trapping near walls may
inspire others to engineer larvae mixing devices to keep the larvae in bins uniformly fed.
6.3 Chapter summary
In this study, we observed the formation and breakup of black soldier fly larvae. The breakup
of a pile of larvae can be driven using an external perturbation that initiates vertical motion
near the wall, unjamming the larvae, and allowing them to reorient and change direction.
The pile then continues to breakup with larvae leaving the pile by crawling along the bottom
of the container. We also used a simulation to show that the piles form in confine active
rods, indicating that the phenomenon observed is caused by physical interactions rather
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than larva biology.
If larvae are piled in corners, they may not be able to reach food placed in the center of
the container. A simple solution to this problem would be to raise the larva in containers
with rounded floors so that there are no corners for the larvae to become trapped in.
However, that would not be an efficient use of space, and would also be challenging to
manufacture. Larvae can be manually mixed with their food; a more important problem
to solve is that of cooling larvae. In the next chapter, we describe an aerating bed to cool
larvae from their high metabolisms while eating.
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CHAPTER VII
COOLING LARVAE WITH AERATION
Air conditioning an entire warehouse that larvae are raised in is an inefficient method to
regulate the temperature of large masses of black soldier fly larvae in a rearing facility. In
this chapter, we first examine the metabolism of fly larvae. We then present an aerating
bed that cools larvae through convection. Finally, we raise 200,000 larvae in the aerating
bed with potential for many more. We hope that this aerating bed can be scaled up for
industrial use, allowing more larvae to be raised in the same square footage at a lower cost.
7.1 Metabolism of black soldier fly larvae
Images from the time lapse of 2,000 black soldier fly larvae eating chicken feed are shown in
Figure 7.1.1(a) when larvae are mixed with food initially, and Figure 7.1.1(b) after the
larvae have been eating for 78 minutes. Over the two hours of the experiment, the larvae
increased in temperature by 8◦C, showing that they heat up just as the blow fly larvae in
literature.
We measure the oxygen consumption and CO2 production of 50 larvae with and without
food in a respirometer, shown in Figure 7.1.1(c). Their CO2 consumption is shown in

















We find when larvae are fed, their metabolism increases from 0.4 mW/larva to 0.6
mW/larva; some of this excess energy may go to heating up the larvae and producing
the larval mass effect documented in blow fly larvae. We now turn to cooling larvae with
aeration.
7.2 Aeration prototypes
Through testing three prototypes, scaling up from a 4 inch diameter tube to a nearly pallet-
sized setup, we find that aerating larvae from underneath is an effective method for keeping
their temperature manageable as they eat. Our first prototype is made out of a 4 inch outer
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Figure 7.1.1: a-b. Thermal images of 2000 black soldier fly larvae when initially mixed
with a chicken feed and water mixture (a) and 78 minutes after the start of eating (b) show
that larvae heat up as they eat. c. Setup to measure metabolism of fly larvae. d. Larvae
consume CO2 faster when eating (blue) than when not eating (red).
diameter acrylic tube. This setup is shown in Figure 7.2.1(a) with the aerated larvae on
the right and a control batch of non-aerated larvae on the left. We record the temperature
over time with a FLIR thermal camera in Figure 7.2.1(d). The two masses of larvae
start at the same temperature, but the aerated larvae cool within five minutes while the
control larvae get slightly hotter. After seven minutes, the aerated larvae have a maximum
temperature of 26◦C. The temperature of the aerated larvae is plotted in Figure 7.2.1(b).
In our estimated prediction of larva temperature, we use the lumped capacitance model to
model a larva surrounded by airflow, as in Figure 7.2.1(c).
We then move on to raising larvae in a 12 inch diameter bed. This setup is shown in
Figure 7.2.2. At the suggested density of 3 lb. of mature larvae per square foot, about
5350 0.2 g larvae would fit in the bed; we have raised 20,600 in it – almost 4 times as many.
The larvae do not overheat during feeding and their final mass is not affected. The larvae
(in Figure 7.2.2) grow from 0.12 g to 0.21 g on average each over 5 days. Initially the
layer of larvae and substrate was 2 inches deep; at the end the layer of larvae and substrate
was 5 inches deep. Without aeration, larvae are generally only grown in 3 inch deep layers
of larvae and substrate. Since the larvae reached their fully grown weight of 0.2 g without
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Figure 7.2.1: a. Larvae in the first prototype of the aerating bed: a 4 inch outer diameter
tube with 0.125 inch thick walls. The larvae on the left are not aerated, while a fan cools
larvae from underneath on the right. b. Measurement of larva cooling from the thermal
video (points) and theoretical prediction (line). c. Schematic of larva cooled by aeration.
d. Images from thermal video of experiment in (a). Over time, the aerated larvae on the
right are cooled while the control larvae on the left become hotter.
overheating, their feeding was not disturbed by the aeration.
Experiments with this prototype were done in June 2018 in an open-air warehouse at
Grubbly Farms, during hot and humid weather with highs outside reaching 33◦C. The
temperature inside the warehouse was hotter (but not recorded) due to the heat generated
by the many larvae inside the warehouse. The air coming through the fan at this time was
sufficient to cool off larvae. This setup was limited by the fan overheating, not how much
air the fan could provide. It is important to choose a heat tolerant fan for the aerating bed.
With a more densely packed warehouse at higher temperatures, an additional source of
cooling may be needed. If the temperatures inside a warehouse full of larvae are much hotter,
the heat from the aerating bed needs to be vented to the outside, and air conditioning the
air inside the warehouse will be necessary. However, air conditioning the warehouse with
aerated larvae will be much cheaper than without aeration, since the cold air will reach the
larvae directly and the temperature in the room will not have to be cold enough for the
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larvae to be sufficiently cooled only though heat conduction.
Figure 7.2.2: Prototype for testing the growth of black soldier fly larvae. 20,600 larvae are
placed in the aerating bed at 9 days old, and grow to 0.21 g by 14 days old, 3.9 times the
recommended density of larvae per square foot.
We now move on to scaling up our design. The current design of the system has four
bins, each of which can fit tens of thousands of larvae, as in Figure 7.2.3(a-b). We raise
approximately 200,000 larvae in this aerating bed over 21 days. The mass of the larvae over
time is shown in Figure 7.2.3(c). The larvae are somewhat underfed to prevent smells of
rotting food from bothering the other researchers in the Techway building. However, the
larvae do pupate at the end of the trial so their development was not harmed. Further
testing with this bed is necessary to determine proper feeding and aeration parameters.
One of the main challenges with this prototype is that some larvae escape through the
mesh when initially placed in the bed at a weight of 0.02 g. To avoid this problem in the
future, larvae should be raised in an aerating bed with a very fine stage. Very small larvae
do not need to be aerated, since they do not generate enough heat for temperature to be an
issue. Careful investigation needs to be done to determine the larva weight at which they
begin significantly heating up.
7.3 Discussion
We are able to successfully cool larvae with aeration and raise them from newly hatched
larva to fully grown adult at greater densities than possible without aeration. The future of
this project requires optimizing and scaling up the bed to make it a commercially viable way
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Figure 7.2.3: a. Schematic of scalable design for aerating bed. b. Photograph of current
aeration setup. c. Plot of mass of 200,000 larvae as they grow in the bed.
to raise larvae. The current fan is powerful enough to aerate many times more larvae than
the 200,000 in this thesis, and in thicker layers. To avoid overcooling the larvae and slowing
down their growth, a feedback loop turning the fan on and off based on the temperature
in the bins may be added. Scaling up the bed with additional bins either added to the
sides of the bed or vertically stacked on top will allow to test the limits of this system. The
excess heat should be vented into the atmosphere to avoid overloading the air conditioning
building in the system.
There may be an additional benefit to using the aerating bed for growing larvae. Pulsing
the fan when the larvae are fed may mix the larvae with their food without manually
touching them, reducing the labor necessary to raise a batch of larvae. We have observed
in previous chapters that larvae tend to cluster in corners of containers. It appears that
when air is added, larvae tend to cluster around air pockets as well as in the corners, which
may reduce their chances of piling up and escaping from the bed. This aerating bed has
potential to revolutionize the black soldier fly industry if it is expanded and adapted for
growing out a full warehouse full of larvae.
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7.4 Chapter summary
In this chapter, we showed that black soldier fly larvae generate heat just like other species of
maggots. We cool them from this excess heat in minutes by aerating them from underneath.
With aeration, we grew nearly four times as many larvae in the same space as without
aeration. The largest prototype can contain 200,000 larvae with potential for many more.
This invention has potential to significantly improve the black soldier fly larva industry.
The work presented in this thesis has obvious applications to the black soldier fly indus-
try, from understanding how fly larvae feed in large groups to technology to raise larvae in.





Unlike fly larvae, which can crawl on top of one another to reach food, many animals that
try to feed in groups, such as puppies trying to eat from a circular bowl, are trapped in a
flat plane. In this chapter, we look at how feeding in 2D forces animals to move in circles.
We proceed by presenting our analysis of Youtube videos of puppy motion, continue in with
a bristlebot model of puppy feeding, and develop an agent-based model in the Georgia Tech
Robotarium.
8.1 Puppy pinwheels
We begin our investigations of spinning around bowls with an overview of videos of “puppy
pinwheels” found on Youtube. We observe from two to thirteen puppies gathering around
food bowls and spinning in circles. Once the puppies begin spinning, they travel at an
average angular velocity ω, as in Figure 8.1.1(a). We count the number of revolutions
per minute of a puppy in each video to get a sense of how the number of dogs affects their
motion in Figure 8.1.1(b). Overall, the angular speed of puppies w decreases with greater
number of puppies N : ω = −6.8N + 90.3 deg/sec, R2 = 0.18. This is likely because a large
number of puppies provides more chances for the dogs to become jammed, and decreases
their speed. However, there is a lot of noise in the data. The dogs in the videos are of
different ages and breeds, ranging from very young terrier puppies to fully grown huskies.
Thus, we do not know what aspects of their motion are caused by the characteristics of the
individual dogs and which aspects are a collective dynamics phenomenon. To simplify this
problem, we turn to robot models.
8.2 Robotarium model
To develop an agent-based model of puppy motion, we set up an experiment in the Georgia
Tech Robotarium in Spring 2019. To simulate attraction to food, all twelve robots in the
experiment are asked to set their target to the center of the experimental area. A circular
border simulates the round edge of the food bowl. The robots spin around this “bowl” at
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Figure 8.1.1: a. Puppies gathered around a food bowl spin around a dish with an angular
velocity ω. Original video can be found at www.youtube.com/watch?v=UnGJV jmh-k. b.
Measurements of puppy speeds in degrees per second vs. number of puppies (points) and
linear best fit (solid line). When there are more dogs around a bowl, they tend to spin
slower. c. Twelve robots in the Georgia Tech Robotarium spin around an orange patch of
“food”.
1.4 degrees per second, slower than any of the puppies. We have observed them spinning
either clockwise or counterclockwise, indicating no bias in the robot motion. A snapshot
of the Robotarium setup, with robots clustered around a circular patch of food, is shown
in Figure 8.1.1(c). However, soon after the end of the Spring 2019 semester, an update
to either the code of the robots, the flooring used in the Robotarium, or both, changed
the behavior of the robots. Instead of the robots spinning around the food, they became
trapped at the center and wriggled in place.
To reduce the spinning motion to a simple a model as possible, self propelled rods around
an attractive point, we turn to Bristlebots in a bowl.
8.3 Bristlebot model
Bristlebots are small robots powered by a vibrating motor. When turned on, they travel
forwards with a roughly constant velocity. We aim to investigate two aspects of puppy
pinwheels with these robots: the effect of adding more puppies, and the effect of increasing
attraction to food. To simulate attraction to food, we 3D print bowls at different angles:
a shallow bowl with its edges at an angle of 160 degrees, a medium bowl with the side
at 145 degrees, and a steep bowl with its edges at 130 degrees, as in Figure 2.5.1. A
round inset is glued to the center of the bowl to simulate the edge of the food. We film
from one to nineteen robots spinning in the bowl, with three trials per number of robots
in each bowl, and track the motion of a robot to estimate the rotational velocity ω in the
bowl. Bristlebots in a bowl are shown in Figure 8.3.1(a) and a sample plot of angular
69
velocity vs. number of robots in the 145-degree bowl is shown in Figure 8.3.1(b). As with
the puppies in Figure 8.1.1, the angular velocity decreases with the number of robots,
indicating that the robots are jammed.
Figure 8.3.1: a. Bristlebots in the 145-degree bowl spin around the center inset. This
experiment was repeated three times at each angle. b. Angular velocity of Bristlebots in
the 145-degree bowl (points) with a sigmoid best fit (solid blue line). c - e. Sigmoid fit
parameters: c. A, top speed of robots; d. B, the slope of their jamming; e. M, the number
of robots at which the robots slow down.
A sigmoid function is found to be a good fit for ω as a function of number of robots
N . This function is found to represent many distributions, from plant growth in botany to





The parameter A represents the top speed of robots in the bowl, B characterizes the slope
of the curve, and M represents the inflection point of the angular velocity. The top speed
of the robots is A = 156 ± 34 deg/sec; it may decrease with number of robots. The
jamming speed of robots, B = 0.6± 0.5 1/robots. The inflection point in the curve occurs
at M = 13.7± 3.4 robots, which is close to where we observe the 145-robot curve to flatten
out. These S-shaped curves are indicative of three regimes: with few robots around the
center, they are able to spin around the bowl around their top speed. As more robots are
added to the bowl than can fit around the center, they spin slower and slower. Finally,
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when the robots are jammed and barely moving, they move very slowly.
8.4 Discussion
Although this work began with an interest in how animals other than fly larvae feed, it has
implications for robotics. Animals collectively feeding from a single source may be used to
inspire swarm robots gathering material from a single point – for example, removing debris
from a disaster site, mining material from a hole dug in the ground, or charging from a
single charging station. Understanding how animals such as puppies move when limited by
the space around the food, such as pinwheeling puppies that are confined to 2D or larvae
crawling on top of each other, can help understand how to best program autonomous robots
for these scenarios.
Why the Robotarium robots suddenly changed their behavior and stopped spinning with
the same programming remains unsolved. It is likely due to either a change in the flooring
material, which may have affected their motion, or in their object avoidance programming,
which may have affected how they interact with one another. This is worth exploring in
future work, as it may provide insight into what animals may spin around food bowls and
which animals may remain jammed and unmoving. This can then be used for programming
robot swarms where motion may or may not be desirable.
8.5 Chapter summary
In this chapter we present work on spinning during feeding a flat plate. We find that “puppy
pinwheels”, in which dogs spin around food bowls when feeding in large numbers, are caused
by the mechanics of the motion of active particles. We are able to replicate this motion
with an agent-based model in the Robotarium and with simple mechanical Bristlebots. This
work has implication for the motion of rolling robots attempting to reach a limited resource,
such as removing debris from a disaster site.
Experiments with fly larvae were done in many different containers and on many different
time scales. In the next chapter, we summarize larva behavior on time scales from seconds
to hours to understand their behavior around food and near walls.
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CHAPTER IX
SCALING OF LARVA MOTION
In this chapter we discuss the implications of the sizes and time scales of the experiments
and how this affects larva motion. We normalize our dimensions, such as L by characteristic
parameters denoted as L∗. Normalized variables are denoted as L̄.
In our experiments, a larva is approximately L∗ = 13.7 mm long. It is 4.3 mm (0.3L∗)
wide and 3.2 mm (0.2L∗) tall. A free larva crawls at V ∗ = 2 mm/s on glass, or 8.6 body
lengths per minute. On uneven surfaces, such as the top of other larvae, its speed may be
impeded. Larvae also slow down when jammed in very large aggregations.
In this chapter we begin by defining dimensionless parameters for larvae. Since larvae
can be seen as an active fluid, we attempt to find some dimensionless parameters for them.
The most useful is the volume fraction, volume of larvae divided by volume of the space
they take up which we calculate in Equation 3 to be 0.56 ≤ φ ≤ 0.80. Larvae self-pack to
a volume fraction of about φ = 0.62, and getting them to be more tightly packed requires
external compression. They pack more tightly than other insects. Fire ants in a raft,
for example, have a volume fraction of 0.2191. Bee clusters can be more tightly packed
than those of ants, with a simulated maximum volume fraction of 0.8, but this can cause
thermoregulation problems for the bees102.
We also calculate a Reynolds number and Froude number for confined larvae. The





We base our calculation of Reynolds number on the larva length L∗, density of many
larvae ρ ∼ 0.62 g/mL (estimated from the density of a single larva, φρlarva = 0.62 × 1
g/mL), velocity u = 8 mm/min measured on the bottom of the confined aggregation.
The viscosity is estimated by dropping a sphere with an dsphere = 8.8 mm diameter and
ρsphere = 7.7 g/mL density through an aggregation of larvae in a 95 mm x 95 mm x 18
mm vertically oriented bin (same as used in Chapter 6), as in Figure 9.0.1(a). We track
the sphere starting after an initial 10 second transient, and it falls through the container
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at usphere = 2.7 mm/min (comparable to the speed of larvae). Notably, as the experiment
goes on the ball does not fall smoothly, and instead travels throughout the container as the





∼ 30350 Pa s. (36)
Figure 9.0.1: a. Dropping a sphere through larvae to measure their viscosity. b. Zoomed
out view of 5,000 larvae in an aquarium eating an orange slice, showing piles near the orange
and near the walls.
This viscosity is close to that calculated for fire ants, 35800 Pa s92, and 3050 times the
viscosity of molasses (up to 10 Pa s)103. We calculate the Reynolds number in a jammed
pile of larvae to be Re = 3.7×10−8. The Reynolds number is very low, since the larvae move
through the pile very slowly, making their inertia very low, and are very densely packed,
making them highly viscous.





The Froude number is Fr = 3.6 × 10−4. The low Froude number suggests that gravi-
tational forces are very important in a larva pile, and their inertia is very low. Larvae are
a unique active matter system where gravity is significant, resulting in phenomena such as
sloshing between corners.
We now discuss the details of the individual experiments. We present the dimensions
of the containers L and the larva speeds V in our experiments normalized by the body
length and the speed of the larva respectively: L̄ = L/L∗ and V̄ = V/V ∗. We normalize
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the times t reported in the experiments by the length and velocity as well: t̄ = t/t∗, where
t∗ = L∗/V ∗ = 6.9 s.
The feeding behavior studies (Chapter 4) were done in 10 gallon aquariums measuring
37L∗ long by 19L∗ wide by 22L∗ tall (508 mm long x 254 mm wide x 309 mm tall) using 500
to 10000 larvae. Using large aquariums to measure larva motion was necessary to highlight
the mixing region that formed around a piece of food attached in the center. Larvae piled up
around the orange slice to a height of 25 mm (2L∗), which was measured separately from the
experiments used in PIV. The mixing region is defined as the area around the orange slice
where the bulk speed on the top layer is greater than a threshold of 0.125 mm/s (0.06V ∗),
which selects the area where there is an outflow of larvae. The bulk speed outside of the
mixing region is slower, 0.05 mm/s (0.03V ∗); outside the mixing region, there is no average
motion towards or away from the food. The average bulk velocity in the mixing region as
measured by PIV on the top layer of the experiment with 5000 larvae was 0.35±0.05 mm/s,
or V̄mix = 0.18± 0.03V ∗, 6 times slower than a free larva. This is likely because the larvae
impede each other when they move and because larvae are moving in all directions on the
top layer, but we only report the time-averaged velocity.
The feeding time for a single larva was 5 ± 8 minutes, or t̄feed = 44 ± 80t∗. It eats
for 44% of the time it is around food. This was measured for 10 larvae freely individually
feeding in petri dishes. The large standard deviation arises from the wide range of eating
times, and a larva cannot have a negative eating time. On average, feeding takes a long
time compared to the motion of a larva since an individual larva’s mouth is small, about
0.5 mm (0.04L∗) long and the larva needs to spend time eating small food pieces to reach
its goal of eating twice its body weight (or 0.2 g) per day. When larvae are in large groups,
their competition may result in them not getting the full five minutes to feed.
The diameter of the mixing region varied with number of larvae; for the 5000 larvae
experiment it was 170 mm, or d̄mix = 12.4L
∗. A larva thus needs about dmix/(2Vmix) = 4
minutes to cross the radius of the mixing region and reach food, nearly the same as the time
it takes a larva to feed. At this number of larvae, the surface area of the food is surrounded
by eating larvae and increasing the speed of larvae within the mixing region cannot allow
more larvae to feed.
We also calculated the spatial average of the vorticity and divergence for the time-
averaged vectors of larvae on the top and bottom layer within the mixing region. The
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average vorticity was 0.001 1/s, or 0.005 1/t∗. This value is very low, and represents the
existence of shear within the container of larvae (although not necessarily spinning of the
fountain). A nonzero vorticity suggests that a particle placed in the fluid would spin, and
we do observe that the food rotates back and forth as the larvae eat it.83 The average
divergence magnitude was 0.0016 1/s, or 0.01 1/t∗. The divergence was positive on the top
layer and negative on the bottom layer. Divergence represents how much the fluid expands
(for a positive divergence) or contracts (for a negative divergence). If the divergence was
zero, the mass of larvae on the top or bottom layer would be constant. Instead, we observe
a positive divergence (increasing mass, or a source) on the top layer and negative divergence
(decreasing mass, or a sink) on the bottom layer.104 The outflow of larvae was also measured
by summing up the velocity vectors flowing out (Equation 1). The average divergence and
vorticity numbers are very small, likely because the speed of larvae in the mixing region is
very small and the time scale for this flow is longer than t∗. They are only presented as
further evidence of a source of flow on the top layer and sink of flow on the bottom layer.
The characteristics of this flow are worth investigating in detail in future studies with tracks
of individual larvae in the mixing region to calculate streamlines of larvae.
The large mixing region does not just maximize eating rate; it also entrains more larvae
from far away and draws them close to the food. Larvae far away from the food are not
aware of its presence, but a large mixing region brings larvae close to food from far away.
This allows more larvae to feed even if not all larvae get to eat their fill. It also keeps larvae
that have eaten their fill close enough to the food that they can return once they want to
eat again. Nevertheless, there are still some larvae trapped in corners away from the food
in this experiment that likely never get to eat.
Confining 2000 larvae to a 95 mm inner diameter cylinder (d̄ = 6.9L∗) allowed us to
investigate the larvae as an active material in Chapter 5. Larvae react to external forces
very quickly: their time constant is τ = 1.7 s, or τ̄ = 0.3t∗. The characteristic time for
larva motion and the relaxation time under compression are comparable: relaxing forces
on their bodies requires them to move a distance less than a full body length. However,
larvae in this container have little space to move. Although their speed was not measured,
since the curved walls of the container and scuff marks make it difficult to get an accurate
measurement, it is likely as slow as in the other experiments with large numbers of larvae.
Larvae around a piece of food are always moving around and pushing against one another,
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just like in the compression chamber. The constant wriggling of larvae within the mixing
region likely allows them to quickly respond to being pushed by other larvae and either stay
near the food or be carried away from it by the current of larvae.
The piling experiments in Chapter 6 were done in bins that measured 6.9L∗ (95 mm) tall
and long, and 1.3L∗ (18 mm) wide, oriented vertically. Confining 300 larvae to these bins
allowed us to isolate their switching from corner to corner, and measure it on a reasonable
time scale. Within this bin, larvae took 60±32 minutes, or 525±280t∗ to switch from corner
to corner. The lag between the x-velocity of the larva and the centroid x-coordinate was
13 minutes (114t∗), 22% of the time to switch corners. Once the larvae become unjammed
it takes them much less time to move than the time they spent jammed. The time scale of
the motion of the 300 larvae is 300t∗ = 34 minutes, half of the 60 minutes taken between
corners. All of the larvae need to move for the center of mass to shift. When the larvae are
jammed, each larva needs more time to move a full body length and rearrange.
The speed of larvae on the floor of the vertical bins as they move is slow, 8 mm/min
or 0.07V ∗, and comparable to the speed of the larvae in the mixing region. At this speed,
it should take larvae 12 minutes, or 104t∗ to travel from corner to corner, close to the
measured 13 minute lag between velocity and position. Therefore the lag likely arises from
the travel time of larvae from corner to corner, and in a larger container larvae would take
a longer time to switch from corner to corner. When we drive the motion of larvae with
vertical intruders, we move them once every 20 minutes (175t∗); the lag between the motion
of a magnet and the position of the centroid of the pile is 15 minutes (131t∗). We would
most likely not be able to drive the larvae any faster, as this is close to the 12 minutes it
takes for larvae to travel from corner to corner.
We repeated observations of piling in corners with larvae in a larger container, 228
mm long x 127 mm tall x 19 mm wide (16.6L∗ × 9.3L∗ × 1.4L∗). The mass of larvae was
not recorded but we can estimate their number based on the mass of a larva, 0.1 g, and
their packing density, 0.62 g/mL. When we place 1300 larvae in this container, they fully
rearrange five times within 22 hours (for 4.4 hours between corners), but the piles often
break up in small pieces rather than fully rearranging from corner to corner. Although a 2.4
times longer bin was used, it is notable that 4.3 times as many larvae in these experiments
took 4.4 times longer to rearrange. Breakup time of the pile appears to increase with bin size
and number of larvae. However, when we place 2700 larvae or more in the container, their
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piling is suppressed. The reason for this is unknown but is likely because there is no longer
enough space on the floor at this depth, and larvae are constantly jammed. Investigating
how larger piles of larvae behave in future experiments is warranted to understand how
these behaviors arise.
We observed piling in container corners in our experiments of measuring the outflow of
larva fountains while feeding in rectangular aquariums, but not switching from corner to
conner, as in Figure 9.0.1(b). We do not observe sloshing from corner to corner in feeding
experiments because the container is too large: the minimum distance from corner to corner
of the aquarium is 18L∗, larger than 6.9L∗ in the piling experiments. If the relationship
between container size and travel time is linear, the lag between centroid position and center
of mass would be at least 31 minutes (278t∗). Additionally, there are more larvae in feeding
experiments, which also appears to slow down their switching time. If these experiments
lasted longer, we might see larva piles changing from corner to corner; we only observed
larvae feeding from 30 minutes to an hour. How many larvae are in the corner piles in the
feeding experiments is unknown, since we do not have a side view of these experiments to
estimate their volume.
Notably, the radius of the mixing region of larvae near food (Chapter 4), and the length
of container in which we measure piling in corners (Chapter 6) are both near 100 mm
(∼ 7L∗) so the measured velocity profile where we observed piling and sloshing between
the corners is likely to be similar to larva motion within the “fountain”: faster motion on
the bottom of the container, slowing down in the center, and fast motion on the top. The
speed of larvae on the bottom of piles the vertical bins (0.07V ∗) and on the top layer of
the mixing region (0.18V ∗) are comparable as well. Larva piles near food dissipate when
the food is gone, while piles in corners near walls dissipate on their own, since there is no
motivation for larvae to stay near a wall besides being jammed near it.
Attempts to confine larvae to bins flatter than one larva length resulted in all of the
larvae being jammed, suggesting that a larva’s motion is inherently three-dimensional. The
body segments of fly larvae rise and fall by 5% to 10 % of their height as crawl on a flat
surface, and confining them so they cannot do that can make them get stuck105. More
careful investigations of the limit of the container size in which larvae can switch from
corner to corner are warranted. This can explain whether this is caused by too many larvae
attempting to squeeze themselves into a small space or with a single larva needing a full
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length’s worth of space around it to turn at all.
In this thesis, we use a variety of containers in our experiments to investigate different
aspects of larva motion, from petri dishes to aquariums. Larvae move more slowly when
they are trapped in large groups and need to all rearrange before group motion can occur.
However, this trapping allows large groups of larvae to eat faster by bringing them in towards
food. This is driven by competition between all the larvae, not by the larvae intentionally
working together. The behavior of larvae takes place on time scales from seconds to respond
to forces, to hours to move when they are jammed. The short, nearly imperceptible motions
of larvae as they push on one another result, over long periods of time, in larvae being able
to form piles to feed, and to break their jamming when piled against walls. A company
raising black soldier fly larvae in rectangular bins may want to make sure the larvae are





Black soldier fly larvae are an important decomposer of food waste and a source of proteins
and fats in chicken feed. To realize the true potential of this insect by decomposing tons of
food waste per day with them, we must first understand the biology and physics of their
behavior. In this thesis, we investigated the behavior of black soldier fly larvae from the
individual to groups of thousands.
Investigating eating rates of larvae led us to discover that the larvae form a “fountain”
around food: they crawl towards food on the bottom of the container, pile up as they eat,
and then fall away on the top layer. Since each larva only eats for five minutes at a time,
for 44% of the time it is around food, this allows hungry larvae to replace full larvae that
are taking up space around food.
Our investigations of one thousand larvae under mass compression creep tests showed
that, by wriggling, larvae are able to relax the pressure on their bodies in seconds – ten
times faster than dead larvae at corresponding levels of compression. The time course of
pressure for dead larvae is best fit by a stretched exponential, suggesting that their bodies
form a hierarchical material. This has implications for compressing larvae during shipping,
and also for how active materials may behave if manufactured in large quantities.
Our investigations of larvae piling in corners show that larvae switch corners of vertical
containers once per hour, but can be driven with vertical intruders along the container’s side
walls to switch within twenty minutes. This study considers larvae as an active granular
material – it is the interactions of the larva bodies, not any intent on their part, that causes
them to pile along walls.
The aerating bed we built for fly larvae can easily cool larvae from the heat generated
by their metabolism. We can raise nearly 4 times as many larvae in the aerating bed as the
suggested 3 lbs per square foot without aeration. With optimization, future iterations of
the bed will be able to raise even more larvae in greater densities, both saving black soldier
fly startups money in energy costs, and being able to raise more larvae in the same space.
Excess heat from this bed may be harvested for other use.
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Our robotic model of puppy feeding is merely a start to the investigations of collective
feeding behaviors of other animals. We found that, when animals or robots are confined to
two dimensions, they spontaneously begin spinning while eating - but if too many animals
are present, they become jammed. Characterizing this motion can help engineers make
decisions for how to program individual robots.
Calculating dimensionless parameters for larvae in large groups shows that their motion
has strong viscous and gravitational forces, and has very low inertial forces. Larva motion
is slow in large aggregations. The trapping of larvae decreases their speed but brings more





Table 3: Parameters used to calculate air flow through bed of larvae and sand.
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Table 4: Parameters used to cooling of larvae.
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11.2 List of puppy videos
Table 5: List of videos used in analysis of puppy pinwheels.
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